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Mt. Fuji ofTKanagawa 
by Katsushika Hokusai (1760-1849) 
Ach, je moet toch ergens beginnen. * 
(L. C. van Rijn, 1998) 
Well. Nou'vc got to start somewhere 
ABSTRACT 
Modelling of swash zone sediment transport on coarse grained beaches 
by 
Eur Ing Erik Van Wellen, MSc 
A review is presented which assesses the importance of the swash zone as a potential 
contributor to the longshore and cross-shore transport on steep coarse-grained beaches. 
Based on this review it is apparent that the swash zone on such beaches forms an important 
contributor to both the longshore and the cross-shore transport. The review also identifies 
that the swash zone is neglected in all but a few sediment transport models. In addition, a 
lack of available shingle beach field data against which to validate existing and new 
transport models is also reported. 
Two surf zone integrated equations are presented with the aim of producing simple and 
physics based formulae relating the total longshore transport (TLT) to the main parameters 
such as wave height at breaking. In addition, a surf and swash zone inclusive transport 
formula is developed based on an existing numerical model for the calculation of shingle 
transport. These formulae, together with existing TLT formulae are evaluated against 
existing, synthesised and new field data collected during this study. 
A mathematical model (STRAND) is developed which quantifies sediment transport in the 
swash zone. The model combines recent advances in the understanding of swash zone 
dynamics with physics-based predictive transport equations and is computationally 
efficient. Sensitivity analyses on the model confirm the high potential for transport in the 
swash zone, both cross-shore and longshore. The STRAND model gives good results when 
tested against existing data and new field data from shingle beaches at Shoreham-by-Sea 
and Lancing. Although originally developed for shingle beaches, the model is also 
validated using data fi-om sand beaches, thus encompassing a wider variety of sediment 
sizes than many models have used for tests in the past. 
The swash zone on steep beaches is found to be responsible for as much as two thirds of 
the volumetric longshore transport. The model also indicated high and rapidly fluctuating 
cross-shore transport rates, thus contradicting existing transport distribution models. 
Therefore, sediment transport in the swash zone on steep beaches can no longer be ignored 
as an important contributor to the overall longshore and cross-shore transport budgets. 
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Chapter I Introduction 
C H A P T E R 1 
I N T R O D U C T I O N 
1,1 General setting 
The management of beaches has become an important and effective engineering tool for 
protecting coastal areas. Increasing research efforts in this field have been aimed mostly at 
trying to understand and quantify the elements which govern the morphodynamics of 
beaches over both long- and short-term time scales. One of the key elements in improving 
the engineer's understanding of beach morphodynamics and sediment budgeting along a 
coastline is the search for a better understanding of the net longshore movement of 
sediment. The formulation of a reliable estimate of the total longshore transport (TLT) rate 
is paramount in coastal engineering problems such as feasibility studies for port extensions, 
derivation of sediment budgets for coastal areas, and the appraisal of long term beach 
stability. Such estimates should be based only on reliable sediment transport models, 
underpinned by accurate transport measurements. The first field studies of longshore 
transport date fi-om 1953 and were undertaken by George Watts (Komar, 1988). To date, 
sand beaches have received the bulk of the attention. The number of documented studies 
and available data on sand beaches is, therefore, considerable and ranges from 
analytical/numerical models and laboratory tests to large scale field experiments. In strong 
contrast is the moderate attention which coarser grained (i.e. shingle) beaches have 
received. Studies of the processes governing shingle beach transport have been limited 
mainly to empirical models based on laboratory studies, such as those by Pilarczyk and den 
Boer (1983) and Powell (1990). Similarly, the prediction of longshore transport rates on 
shingle beaches has been largely limited to the use of variations of the Shore Protection 
Manual (SPM) formula (also referred to as the CERC-equation) from the US Army Corps 
of Engineers (1984), combined with laboratory studies. Even recent publications such as 
the CECW-EH-D Engineer Manual 1110-2-1502 of the US Army Corps of Engineers 
(1992), which was designed to serve as a manual assembling into a single source the 
current best practice, continue to focus solely on sandy beaches, i.e. those composed of 
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materials in the approximate range of 0.15mm to 2.0mm in diameter, and thus ignore 
gravel beaches. 
In most engineering models it is assumed that the bulk of the total longshore transport 
(TLT) takes place between the point of wave breaking and the seaward limit of the swash 
zone. Potential contributions from the swash zone to the TLT budget therefore tend lo be 
ignored, or merely accounted for empirically by means of a calibration coefficient applied 
to the transport model when verified against field data. This systematic neglect may be 
justified when dealing with less steep fine grained beaches, which tend to be characterised 
by a wide surf zone and spilling breakers in which nearly all energy is dissipated. Such 
conditions frequently lead to a narrow, sometimes non-existent, swash zone. However, on 
steeper beaches waves tend to break in a plunging or collapsing fashion, resulting in the 
development of turbulent bores which move landward to the still water line (SWL), where 
they collapse resulting in swash motion (Figure 1-1). Under such conditions the swash 
zone can form a significant proportion of the total surf zone. 
Figure 1-1 Wave run-up on a steep shingle beach along the South coast of England. 
Picture courtesy of Dr T Mason. 
Previous studies {e.g. Masselink and Hughes, 1998) have already looked at the potential for 
cross-shore transport in the swash zone and found it to be high. Furthermore, although well 
established engineering methods such as Snell's Law suggest that all longshore motion 
components have been eliminated by the time a bore reaches the SWL, laborator> 
observations such as those presented by van Hijum and Pilarczyk (1982) and field 
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observations such as those given by Bodge (1986) document the existence of residual 
angles to the swash motion. These observations are underlined by measurements of the 
longshore transport distributions presented by Bodge (1989) and Kamphuis (1991a, b), 
which show a clear and significant maximum in the longshore transport at the SWL. 
Some attempts have been made at including the swash zone as a contributor to the TLT. 
The majority of these methods consist of introducing a virtual set-up to simulate a swash 
zone combined with a traditional cross-shore distribution of the longshore transport (e.g. 
McDougal and Hudspeth, 1984). An alternative method is the use of the Non Linear 
Shallow Water (NLSW) equations combined with a transport relationship (e.g. Chadwick, 
1991a, b). Neither of these methods attribute a significant amount of longshore transport to 
the swash zone comparable to the quantities published by Bodge and Kamphuis. This is 
potentially a result of the different transport mechanisms at work in the surf and swash 
zones. In the surf zone, the longshore transport is a result of the cross-shore stirring of 
sediment by the wave orbital velocities which is then transported by a (wave generated) 
longshore current. In contrast, in the swash zone the transport is generated by the 
mechanism of the bore collapse, run-up and subsequent run-down of the body of water that 
makes up the swash wave. 
In the UK alone, approximately one third of the coastline is protected by shingle and mixed 
beaches (Fuller and Randall, 1988). Such beaches tend to be characterised by a steep 
sloping beach face and as such often have a wide swash zone. Little is known about the 
influence of environmental parameters such as beach slope on the longshore transport. 
Consequently, in order to improve the understanding of littoral transport in general, it 
would be most profitable to undertake future studies on gravel beaches (Komar, 1988). In 
addition, since some of the areas protected by shingle and mixed beaches in the UK have a 
considerable economic importance attached to them, coarse grained (i.e. shingle) beaches 
warrant the attention of, amongst others, British researchers. The Shingle Beach Project 
(Van Wellen et ai, 1997) funded by the UK Ministry of Agriculture, Fisheries and Food 
(MAFF) and the Environment Agency (EA) was designed to go some way in providing a 
suitable framework for research into the processes governing shingle beaches. 
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1.2 Present study 
The aim of the present study is to investigate the existing engineering approaches to 
predicting nearshore non-cohesive sediment transport, in particular the longshore 
component thereof, and to develop a time-dependent model for the hydrodynamics and 
sediment transport in the swash zone. 
Initially a review is presented which looks at the different methods used to predict sediment 
transport on steep coarse grained beaches. Simultaneously, an assessment is made of the 
data in the public domain against which previous and ftiture transport models can be 
validated. 
Based on a physics centred methodology, new equations are derived to evaluate the 
longshore bedload transport betw^een the point of wave breaking and the seaward limit of 
the swash zone. Traditionally, this is seen as the active cross-shore section for the 
longshore transport even on steep coarse grained beaches. A fiill evaluation of the new 
equations wi l l give some indication as to whether this physics centred methodology is 
likely to yield an improvement over existing approaches, whilst still using the traditional 
active cross-shore section. In addition, a surf and swash zone inclusive longshore transport 
equation is developed specifically for use on shingle beaches based on an evaluation of an 
existing numerical model (Chadwick 1991a, b). This equation adopts the parameters and 
format of the Kamphuis (1991b) equation, which was recently identified as the most 
accurate bulk longshore transport equation available (Schoonees and Theron, 1996). 
Subsequently, a new model is developed which attempts to describe the sediment transport 
and nearshore dynamics (STRAND), with the aim of evaluating the potential of the swash 
zone as a significant contributor to the TLT. The model is aimed specifically at steep 
coarse grained beaches, such as the mixed and shingle beaches found on the south coast of 
England. However, it uses a predominately physics based approach in the description of the 
sediment transport, and a consistent approach to the modelling of the hydrodynamics, 
which for the surf zone is based on a universal, well-validated approach, so that the model 
is equally valid for less steep and finer grained beaches. The model assumes the beach face 
to be fi-ee fi-om bed forms. Since transport rates are predicted solely in the swash zone, 
where bed forms are unlikely to be prominent, this is most likely an acceptable 
simplification. 
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The structure of the thesis is summarised as follows: Chapter 2 presents a literature review 
of the methods used to predict the nearshore transport on steep coarse grained beaches and 
a sunmiary of the data available to validate existing and new transport models. In Chapter 3 
new analytical predictive longshore equations are presented to estimate the longshore 
transport across the surf zone and the combined surf and swash zones. Chapter 4 outlines 
the development and sensitivity analysis of an engineering swash zone transport model. 
Chapters 5, 6 and 7 give details of the field site, the measurement systems and the data 
analysis techniques used in this research. A comparison between a wide selection of 
analytical longshore equations, both new and existing, is discussed in Chapter 8. Validation 
of the swash zone transport model is presented in Chapter 9, followed by general 
discussion and final conclusions in Chapter 10. 
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C H A P T E R 2 
L I T E R A T U R E R E V I E W 
2.1 Introduction 
This chapter identifies the previous research into sediment transport on coarse grained 
steep beaches and the role attributed to the swash zone within this context. The first section 
of this chapter examines the broad area of interest and the importance of the swash zone 
therein. A discussion is then put forward which identifies the main effects of the coarse 
sediment typically found on shingle beaches. Subsequently, the basic concepts used in the 
study of sediment transport on beaches are discussed within the context of coarse grained 
material. Particular attention is paid to the spatial distributions of the sediment transport 
and the importance attributed to the swash zone. The latter is discussed in terms of 
theoretical distributions put forward to date, and the measurements available to validate 
such distributions. The review then examines previous studies of longshore and cross-shore 
transport on steep coarse grained beaches. For each study the particular transport direction 
is discussed in terms of the available laboratory and field data and predictive methods for 
the transport direction in question. The review concludes by identifying shortcomings in 
the present knowledge of sediment transport and suggests potential areas of research which 
might improve our understanding of transport processes on coarse grained beaches. 
2.2 Description of the area of interest 
Before progressing v^th the topics which are most relevant to the focal points of this 
research it is necessary to establish some basic definitions and physical characteristics of 
what is termed as a "beach". There are several authors who have given definitions of a 
beach such as Shepard (1973) and Hardisty (1990). The definition used throughout this 
work is that of Simm et al. (1996) in the CIRIA Report 153. 
"A beach is defined as a deposit of non-cohesive material (e.g. sand, gravel) 
situated on the interface between dry land and the sea (or other large expanses of 
water) and actively *Svorked" by present-day hydrodynamic processes (i.e. waves 
arid currents) and sometimes by winds." 
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Figure 2-1 Visual definition of the terms describing the nearshore zone, after 
Horikawa (1988) and the US Army Corps of Engineers (1984). 
The most notable features of a typical beach are shown on Figure 2-1. This figure 
consolidates the information as shown on similar figures produced by Horikawa (1988) and 
the US Army Corps of Engineers (1984) and shows a visual representation of the 
terminology commonly used in coastal research circles. 
A beach undergoes a constant remoulding under the influence of the hydrodynamic forces 
at work. On a wave-by-wave scale, the process of wave transformation can be simplified by 
breaking it up into the following steps: (i) wave approach, (i i) wave refraction under the 
influence of the decreasing depth and (iii) wave breaking. As a result of the inertia 
encapsulated in the wave, a body of water is then pushed up the beach. This body of water 
is often referred to as the "swash" which continues up the beach until reaching the most 
landward (i.e. highest) point of the run-up zone at which point the water, under the 
influence of gravity, wi l l undergo a reversal of flow and start to flow seaward until this 
back flow is eliminated by a new incoming wave (Pilarczyk and den Boer, 1983). 
The active profile of the beach is defined by two points: the upper limit of the wave run-up 
and the seaward boundary of the profile in deep water (known as the depth of closure 
(Pilarczyk and den Boer, 1983)). The extent of this zone is strongly influenced by factors 
such as the beach slope. An increase in beach slope is likely to result in an increased swash 
zone extent. At the same time the surf zone wil l narrow resulting in a minimisation in the 
difference between surf and swash zone extent. It is generally believed that storm waves 
move sediment offshore and swell waves push sediment shorewards (Quick, 1991). Dean 
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(1994) explains this by stating that during a major storm event strong onshore winds wil l 
be present near the shoreline inducing a surface flow in that direction together with a 
seaward bottom flow causing sediment to move offshore. This difference in direction of the 
transport under the two types of waves results in what is known as a summer profile 
(calmer wave conditions resulting in a steeper beach) and a winter profile (as a result of the 
stormier wave climate). The latter profile on a sand beach is often characterised by a less 
steep beach angle and an offshore bar. This bar is not always observed when dealing with 
coarser grain material such as gravel and shingle. For example at Shoreham beach on the 
south coast of England a less steep profile was observed during the winter period but 
without a distinct bar formation being present (Van Wellen et al., 1997). 
2.3 Physical properties of sediment and its effect on beach properties 
Having described the major features in the coastal zone which are easily distinguishable it 
is necessary to have a closer look at the sediment that makes up the beach and which 
protects the coastal regions by dissipating the wave energy. In particular one must consider 
the effects of the angle of repose, grain size, porosity and hydraulic conductivity on the 
type of beach and the sediment transport. Since the earlier stated definition of a beach rules 
out the solid {i.e. rocks and cliffs) and cohesive {i.e. mudflats) sediment types, the only 
relevant sediment types remaining are sands and gravels. Beaches generally exhibit a 
mixture of grain sizes. Several methods have been devised for classifying sediment 
particles according to their size. Some of the more commonly used classification scales are 
displayed in Table 2-1. Although the geological origin of the sediment in a region is most 
likely the predominant factor, the type of sediment and particle distribution found on a 
beach is to a large extent determined by the amount of wave energy that reaches the beach 
(Pethick and Burd, 1993). In practice, this means that the resident beach material will be 
subjected to some form of sorting, since the higher the energy levels at the beach the more 
the finer particles will be washed out. This was clearly demonstrated by Gleason and 
Hardcastle (1973) who showed the importance of wave parameters for both the vertical and 
the longshore sorting of beach pebbles. 
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Unified soils 
classification 
ASTM 
mesh 
Size 
[mm] 
Phi 
value 
Wentworth 
Classification 
C O B B L E 
COARSE 
G R A V E L 
FINE G R A V E L 
coarse 
medium 
fme 
SILT 
C L A Y 
256.0 -8.0 
76.0 -6.25 
64.0 -6.0 
19.0 -4.25 
4.76 -2.25 
4.0 .2.0 
10 2.0 1.0 
18 I.O 0.0 
25 0.5 1.0 
40 0.42 1.25 
60 0.25 2.0 
120 0.125 3.0 
200 I i 0.074 \ I 3.75 
I 
230 0.062 4.0 
0.0039 8.0 
0.0024 12.0 
1 
BOULDER 
C O B B L E 
P E B B L E 
G R A V E L 
very 
coarse 
coarse 
medium 
fine 
very 
fine 
S I L T 
C L A Y 
C O L L O I D 
Table 2-1 Material grain size scales and classification system, after 
US Army Corps of Engineers (1984). 
Throughout this thesis the word "gravel" and "shingle" are used to indicate the same type 
of sediment. This is not exactly true since shingle has no exact size implication attached to 
it (i.e. it could refer to gravel, pebble, cobble and coarse-grained material in general) and in 
the strict sense of the word should only be used for flint (Carter and Orford, 1993). 
Throughout this research the word shingle wil l be used to indicate material with a diameter 
greater then 2mm. Beaches are categorised in four categories based on the amount of large 
particles (e.g. shingle) and smaller non cohesive particles (i.e. sand) as displayed in Figure 
2-2. As can be seen from Figure 2-2 the median sediment particle size and distribution 
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plays an important role in fixing the mean beach slope, making it very important to 
determine these parameters i f one is considering a beach recharge scheme. 
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Figure 2-2 Beach classification, taken from CIRIA Report 153, page 49. 
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The particle size and distribution will also affect the porosity and permeability of a beach. 
In order to be able to relate transported volumes to the immersed weight of the sediment 
moved and vice versa, it is important to have some idea of the porosity of the beach 
sediment of which one is trying to simulate the movement. The porosity of non cohesive 
beach material n is defined as being the volume (V) of voids in a sediment sample divided 
by the total volume of the sample. 
+ V. n= ' ' (2.1) 
The other more often used engineering index which relates the volumetric amount of voids 
to the solid sediment within the sample is the void ratio e. 
e= °" ' ' (2.2) 
^solids 
Both of the above equations are used with equal frequency in volumetric sediment 
transport calculations since they are linked by the following relationships: 
e = - ^ (2.3) 
1 - n 
n = (2.4) 
] + e 
The porosity also has a more direct influence on the sediment transport, since it plays an 
important role in governing the permeability of a beach. The hydraulic conductivity Kofa 
sediment sample is defined as being the rate of flow of water per unit area of soil when the 
sample is under a unit hydraulic gradient, and is a function of the porosity of the material, 
the shape and size of the voids between the sediment particles and the density and viscosity 
of the liquid discharging through the beach material. The ful l expression for the discharge 
through a porous medium is known as Darcy's Law. This relationship is valid for all 
directions of flow through that medium and assumes that the flow rates are small enough 
so as forces of inertia are negligible compared to the forces generated by the viscosity 
(Hardisty, 1990). The formula is given as: 
g = KA^ (2.5) 
in which g is the discharge rate, A is the cross-sectional area over which the hydraulic head 
is calculated , his the hydraulic head and dh/dx the pressure gradient in the direction of the 
flow. I f a beach is very permeable, the water can flow through it with relatively few 
obstructions. This means that going seaward there is no build up of pressures between the 
grains from water flowing from the landward side through the beach to the sea. In addition, 
a proportion of the wave uprush wil l sink into the beach, resulting in a reduced backrush. 
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These two phenomena may both have a significant influence on the sediment transport 
(Madsen, 1974; Baird et al., 1997), but to date have not been satisfactorily quantified. 
Turner (1995) stated that the physical description of fundamental sediment transport 
processes within the swash zone, incorporating the flow into and out of the bed, is 
presently beyond the state of the art. 
The density of the sediment wi l l be of considerable importance to the evaluation of the 
transport conditions that are required for initiating the motion of any individual sediment 
particle on the beach. Though there is a wide variety of beach material in existence, the 
majority of beaches are made up of sand and gravel-like material. Sand is often uniform in 
its mineralogical composition and frequently originates from quartz or feldspar depositions 
with respective relative densities of ps / p = 2.65 and ps / p = 2.56 to 2.76 (Lambe and 
Whitman, 1979). Other elements which make up the sand include the remains of marine 
organisms {e.g. shells) and heavy minerals (e.g. biotites and garnets). Unlike the largely 
uniform composition of sand grains the larger gravel particles are usually a mixture of 
different minerals. Due to high energy levels, and its high mass, coarse grained sediment 
such as gravel often also gets extremely abraded by wave activity. It is not uncommon for 
this abrasion to give the gravel particles a rounded shape. Sediment shape, density and 
grain size all have an influence on the fall or settling velocity (ws) of each of the sediment 
particles. The fall velocity is an important parameter which governs to a great extent a 
particle's stability {i.e. its resistance to initiation of motion) and the time for which a 
particle is likely to stay suspended in a body of moving fluid. 
Several authors have derived fall velocities for various spheres (Gibbs et ai, 1971) and 
grain sizes (Hallermeier, 1981; van Rijn, 1984 and Soulsby, 1994). Figure 2-3 shows a plot 
of the fall velocity based on their formulae. 
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Figure 2-3 Settling or fall velocity of grains at low concentration in stagnant water. 
From these plots, the one produced by Gibbs et al. deviates considerably from the others. 
This can be explained by the fact that Gibbs's work was focused on predicting the fall 
velocity of spheres, rather than natural grains. Although the above formulae and plots give 
the appearance that the fall or settling velocity of each individual particle can be accurately 
determined, this is not so. Once the sediment on a beach gets stirred up into suspension the 
particles interact with each other and the viscosity of the fluid changes. This will constantly 
change the value of the fall velocity for each individual sediment particle, making the 
predictive process erratic. Furthermore, the non-uniform shape of the particles making up 
the beach wil l also influence the fall velocity. Falling particles in still liquid lend to 
orientate themselves in order to show the least cross sectional area in the direction of drop. 
However this changes under turbulent condition, further complicating predictions of fall 
velocity. 
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2.4 Basic concepts of sediment transport 
2.4.1 General principle behind the movement of sediment 
In essence, all sediment transport of cohesionless particles starts with a stable condition in 
which the sediment particles are not moving due to the stabilising forces {i.e. on a plane 
bed), the gravitational forces being greater than the destabilising forces caused by the 
moving fluid around the particle. The destabilising forces comprise of a lifting force FL 
and a drag force FD , see Figure 2-4. The general expression for drag force is usually given 
as : 
F,=^pC,^D'U' (2.6) 
where U is the horizontal flow velocity near the bed. The lifting force in Figure 2-4 can be 
written in a similar form as in the above equation and as a result the total driving force can 
be written as: 
fo..=\pC,^D'{aU;y (2.7) 
in which a t / / i s the horizontal flow velocity at a distance of about D from the bed. The 
stabilising force acting upon the particle can be represented as a fiictional force with a 
maximum: 
F,-pg{s-\)^D'M, = PV^, (2.8) 
where W is the submerged weight of the sediment particle and represents the maximum 
ft-iction between the grain and its surrounding grains, which in turn can be represented in 
terms of the natural angle of repose of the sediment particles ^ by the equation: 
/ i , = tan(^ (2.9) 
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I w 
Figure 2-4 Forces acting on an individual grain 
on the bed. 
Under unidirectional, non oscillatory 
flow conditions this situation remains in 
its equilibrium state until a certain 
velocity threshold in the flow is reached, 
at which point the sediment particle wil l 
start to move. The flow velocity at 
which this occurs is called the critical 
flow velocity U/c. An expression for this 
can be found by equating Equation (2.7) 
and Equation (2.8): 
(2.10) 
or after rearranging the terms: 
U fc 4 a 
{s-\)gd 3 C,a 
(2.11) 
The term on the left hand side is known as the critical Ocr- Shields (1936) found 0cr for sand 
on a horizontal bed to be of the order of 0.05. Figure 2-5 shows a summary of Shields's 
experimental observations relating 9cr to the particle Reynolds number Re 
Re w. D (2.12) 
in which v is the kinematic viscosity, Ws is the particle fall velocity and D is the particle 
size. 
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Figure 2-5 Shields diagram 
van Rjjn (1984, 1993) related the critical Shields parameter to the dimensionless grain 
parameter D< 
The Shields parameter is then given as: 
(2.13) 
1 < A ^ 4 = 0.24 A"' 
4 < a <io = 0.I4A'^'' 
10 < A ^20 = 0.04 A"^' 
20< A <150 = 0.013 A**'' 
a >I50 = 0.055 
(2.14) 
Soulsby (1994) suggested relating the same non dimensional grain parameter to the Shields 
parameter by means of the following simple formula which was obtained as a best fit to the 
original Shields data: 
0.0666A+0.375 
6 = 
2.22 A +0.938 
(2.15) 
Fredsoe and Deigaard (1992) indicate that on a transverse slope the critical Shields 
parameter should be adjusted by means of the following equation: 
a a L tan^a (2.16) 
and for a slope in the flow direction the following adjustment should be applied: 
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^ , < . . w = ^ . c o s a f l - ^ ] (2.17) 
V tan <pj 
where Gcr is the Shields parameter obtained from one of the above equations, a is the slope 
on which the grains are located and ^ is the natural angle of repose. 
Although these formulae go straight to the physics of the problem and give a relatively 
straightforward way to determine the (threshold conditions of) sediment movement, their 
value may decrease significantly when applied in the coastal zone where conditions vary 
considerably. Such variation can result from the presence of bedforms (ranging from a 
single slope to a complete dune system) (Evans and Hardisty 1989), which will alter 
threshold conditions, and/or when the fluid flow is no longer unidirectional and non-
oscillatory. In view of the difficulty of establishing reliable threshold conditions in such 
circumstances, the inclusion of a threshold term in any coastal sediment transport model 
often relies heavily on empirical values. 
2.4.2 Modes and direction of sediment transport 
The complexity of the coastal environment has forced coastal scientists and engineers to 
artificially split up sediment transport processes, depending on the type of transport and the 
direction (Komar, 1976; Dyer, 1986; Hardisty, 1990). The generally accepted way in which 
the mode of transport is split up is into bedload, suspended load and wash load (Bagnold, 
1956). The wash load is made up of sediment particles that are so small that they are never 
in contact with the actual beach but are in a constant mode of suspension. Since they are so 
small their volume is usually seen as insignificant in comparison to the amount of sediment 
that makes up the suspended and bedload. In practice, therefore, the total sediment load is 
regarded as the sum of the suspended load and the bedload. Although there are no precise 
boundaries between these modes of transport and as such there are no exact definitions of 
each mode of transport, the bedload is commonly understood to be that part of the total 
load which is for the major part in continuous contact with the immobile bed. The actual 
transport here happens by means of rolling, bouncing or sliding (Fredsoe and Deigaard, 
1992). The boundary is often set at two or three times the mean grain diameter (Einstein, 
1950). The suspended load is that part of the sediment which is being transported without 
being in contact with other sediment particles but which would settle relatively quickly i f 
the current causing the transport were to fall away. Most accurately perhaps is to lake 
suspended load as being that part of the total load which is supported solely by fluid-
transmitted stress (Bagnold, 1966). For shingle, the current velocities needed to bring the 
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sediment particles into suspension and maintain that mode of transport would, however, be 
so high that in practice suspended load can be neglected (Francis, 1972; Walker et al., 
1991; Fredsoe and Deigaard, 1992; Figure 2-3). 
Apart fi-om bedload and suspended load there is often a third mode of transport, defined as 
sheet flow. In order for a sediment grain to be transported in suspension the ratio between 
the terminal settling velocity of a sediment grain and the skin fiiction velocity needs to be 
small {i.e. < 0.8 - 1) (Fredsoe and Deigaard, 1992). For coarse-grained sediment this is 
unlikely to be the case and, instead of going into f i i l l suspension, the sediment will be 
transported in several layers as bedload, often washing out bedforms such as ripples in the 
process. According to Wilson (1989) this form of transport wil l occur when the Shields 
ordinate 1 exceeds the value of 0.8. Although sheet flow undoubtedly has a 
pg{s-\)D 
considerable influence on the rate of bedload, variations in flow resistance and the near-bed 
boundary conditions for suspended sediment, little progress has been made in the 
mathematical modelling of the phenomenon (Fredsoe, 1993). As such, sheet flow wil l be 
included here in the bedload. 
Another simplification which has often been introduced by coastal engineers and scientists 
has been the splitting up of the sediment flow into cross-shore and longshore directions. 
Since the longshore and cross-shore transport are in essence both caused by the same shear-
stress term, this separation is done purely for computational convenience, due to the fact 
that it is much more difficult to determine accurately the cross-shore component of the 
overall mean shear stress than the longshore component. The reason being that in order to 
ensure accuracy in the cross shore transport calculations, the bottom shear stress vector 
which is the ultimate cause of the sediment transport needs to be split up into a steady 
(time independent) and an oscillatory (time dependent due to the wave orbital motion) part. 
Longshore transport' is defined as the sediment transport occurring parallel to the beach 
face, mainly caused by waves and/or currents incident to the beach at oblique angles. The 
study of longshore transport has received by far the bulk of the research attention 
throughout the history of sediment transport modelling. This is due to the fact that 
longshore transport is regarded to be the most important factor in long-term ( > 1 year) 
development of beaches (Galvin, 1990; Simm et al., 1996) and as such carries the most 
significant economic importance with it. Cross-shore transport is the sediment transport 
' Longshore iransport is often referred to as "linoral drift" or "drift' 
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which occurs in a direction normal to the beach face and is the prime factor in beach profile 
change. 
The response of the beach face to the variation in cross-shore transport can be as short as 
one tidal cycle (e.g. storm conditions) or as long as six months (i.e. seasonal variation) 
when a beach profile changes between summer and winter profile. In general it is widely 
accepted that storm waves cause seaward transport resulting in a flattening of the beach 
profile. However, on coarse grained beaches it has been observed for storm waves to 
sometimes generate the build-up of a beach crest (i.e. demonstrate onshore transport) 
(Carter and Orford, 1993). The fact that a rapid response of the beach profile to a storm can 
have dramatic results, such as the breaching of the beach and subsequent flooding of the 
lands behind it, have ensured this field a guaranteed research interest. 
2.4.3 Depth integrated transport distribution 
An exact knowledge of the transport distribution across the beach profile is of fundamental 
importance to accurately predict sediment transport and aid the understanding of beach 
response to both natural and artificial shoreline features. Unfortunately, little is known 
about transport distributions. Most studies that have tried to investigate the existence of a 
quantitative transport distribution across the beach profile have done so for the longshore 
transport. This is a logical step since transport on most beaches can be considered relatively 
uniform in the longshore direction whilst being highly variable in the cross-shore direction, 
with the cross-shore hydrodynamic forcing vector oscillating continuously between 
onshore and offshore. This section of the review will therefore be dealing mostly with the 
distribution of the longshore transport across the beach profile. 
Bodge (1989) presented a list of fifteen models which all aimed to predict the distribution 
of longshore sediment across the beach profile. Most of the models were specifically 
developed for sand beaches, but they all shared a common ground in that they assume all 
sediment to be mobilised locally and then transported by the net mean longshore current. 
The mobilisation of the sediment was assumed to happen by means of one of the following 
three methods: 
• energy dissipation of the breaking wave 
• bed shear stress induced by the peak horizontal wave orbital velocity 
• bed shear stress induced by the combined peak horizontal wave orbital velocity and 
longshore current 
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Regardless of which method is being used, a knowledge of the longshore current 
distribution remains imperative. Most models rely on the longshore current distribution as 
given by Longuet-Higgins (1970). Although this current distribution was originally put 
forward for a planar beach (and as such could be well suited for shingle and mixed 
beaches) the fact remains that the model was developed for flat sand beaches with a much 
milder slope and has not been validated against field data collected on a steep shingle 
beach. In fact, Asano (1994) reporting on laboratory experiment in which tracers were used 
to measure the longshore velocity through the surf and swash zone on a steep laboratory 
beach (a slope of 1/7.5) found large non-zero longshore currents at the SWL. However, 
based on the methods applied, most of the longshore transport distribution models suggest 
that the bulk of the transport takes place between the point of wave breaking and the still 
water line (SWL); with the maximum longshore transport usually being situated between 
the point of wave breaking and the middle of the surf zone. Some distribution models have 
allowed for transport in the swash by artificially extending the distribution landward by 
including set-up. However, since all these longshore distributions tend to zero at the SWL, 
this extension is of little or no importance relative to the total longshore transport. 
It is however questionable whether this is valid. As early as 1933 evidence was found 
which suggested that maximum transport occurs at the breaker line and in the swash zone 
(Beach Erosion Board, 1933). However, the measurements in question related only to 
suspended load obtained from water samples. Bodge and Dean (1987) presented 
measurements of the total transport rate distribution across the beach which indicated that 
the swash zone could account for at least 5% to 60% of the total transport, depending on 
which type of breakers were encountered (see Figure 2-6). Most of the measurements of 
Bodge and Dean were obtained on a prototype sand beach using a rapid deployment groyne 
as a longshore barrier combined with total station surveys. Though the results give a clearer 
picture of the total transport taking place, the results should be taken as being mostly 
qualitative in nature. Bodge (1989) later put forward an energy dissipation based model 
which was capable of reproducing the distributions found by Bodge and Dean (1987), 
2.4.4 Swash zone studies 
The major problem with obtaining reliable transport measurements in the swash zone is the 
highly variable and dynamic nature of that zone and the shallow depths involved. This 
situation becomes even more problematic when attempting to measure the longshore 
transport. By the time the waves reach the SWL they have lost most of their longshore 
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component which means that any measurement device introduced has the potential of 
creating enough interference so as to alter or destroy the longshore component of the 
hydrodynamics in the swash zone. As such, most measurements which use impoundment 
techniques quickly lose their validity as quantitative measurements. 
Figure 2-6 Longshore transport distribution across the surf 
and swash zone as observed by Bodge and Dean (1987) 
for different cases. 
However, measurements by Beach and Sternberg (1991), using much less intrusive near 
bed Miniature/Fiber Optical Backscatter sensors (M/F OBS) and concentrating mainly on 
the cross-shore component of the transport, confirmed the importance of the swash zone as 
a significant contributor to the total transport. They also pointed out that the mean cross-
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shore transport direction in the swash was at times opposite to that recorded in the surf 
zone. Voulgaris et al. (1998) used tracers on a macrotidal sand beach to measure the 
sediment transport in combination v^th electromagnetic current meters, OBS's and pressure 
sensors to monitor the hydrodynamics and the instantaneous sediment flux. They found 
that even when integrated over an entire tidal cycle the two transport rates could differ in 
direction. Voulgaris et al. attributed this to the importance of the transport taking place in 
the shallow water of the swash, which was not monitored but obviously influenced the 
tracer movement. Smith and Jackson (1999) also underlined the continued neglect of the 
swash zone in even the most recent measurements. Commenting on an earlier paper by 
Wang et al. (1998), which detailed the collection and evaluation of longshore transport 
data, they pointed out that in view of the cross-shore distribution of the sampling devices 
used by Wang et al. the possible transport in the swash zone and offshore of the breaking 
point was being completely ignored. This, according to Smith and Jackson would help 
explain the measured low transport rates of Wang et al. 
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Figure 2-7 Transport distribution across the surf 
zone, taken from Sawaragi and Deguchl (1978). 
The preferred way to study 
longshore transport in the swash at 
this stage is probably still under 
controlled laboratory conditions. 
Sawaragi and Deguchi (1978) used 
small cylindrical buried sediment 
traps, combined with measurements 
of the shear stress on the bed, to find 
the longshore and cross-shore 
sediment transport components on a 
steep (1/20) laboratory beach with 
sand of 0,34mm and 0.68mm as 
sediment. Though the data is limited 
and for the most part stops at the 
SWL it shows a residual amount of 
longshore transport and significant 
cross-shore transport at the SWL 
(see Figure 2-7). The most accurate 
data set of longshore transport in the swash to date is probably found in the experimental 
data set presented by Kamphuis (1991a). He used adjustable traps, installed so as to catch 
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the total longshore transport without interference. The model beach had a slope of 1/10 and 
the size of the sand used was 0.105mm and 0.118mm. Kamphuis found most of the 
experiments displayed a bimodal distribution in the longshore transport, with one peak 
close to the breaking zone and one in the swash zone. Although predominately aimed at 
representing the prototype conditions for sand beaches these dimensions actually coincide 
better with conditions found on a shingle beach (Kamphuis, pers. comms.). Kamphuis 
attempted to fit a series of longshore transport distributions (Bagnold (1963), Komar 
(1977), Madsen (1978), Bijker (1967), Sawaragi and Deguchi (1978) and Bodge (1989); all 
are reviewed in detail by Bodge (1989)) to the data but found that none of the models could 
successfully predict the measured distributions. 
The swash zone appears to be potentially equally as important for cross-shore transport as 
it is for longshore transport. Sawaragi and Deguchi (1978), using sediment traps in a 
laboratory model, found large non-zero cross-shore transport rates at the SWL. Sunamura 
(1984) used the changes in beach profile topography to infer local cross-shore transport on 
a steep laboratory beach. Despite the fact that there is considerable scatter in his data it is 
clear that a lot of the erosion which he recorded took place above the SWL with the 
majority of the profile adjustment taking place within the first five minutes of each test run 
(runs lasting a maximum of sixty minutes). Horn and Mason (1994) studied the cross-shore 
transport in the swash on four sand beaches across the UK. They found the swash to carry 
large amounts of transport and bedload to be more important in the swash than it is in the 
surf zone. Holmes et al. (1996), in a similar experiment to Sunamura's, also observed net 
cross-shore transport in both the onshore and offshore direction. Hughes et al. (1997) 
conducted measurements on a steep sand beach in Australia (slope 1/8.5) and measured 
both the cross-shore transport, using a sediment trap similar to the "streamer traps" 
deployed by Kraus (1987), and the fluid velocity, using ducted impeller flow meters. They 
found that flow velocities increased almost instantaneously from zero to their maximum 
and then reduced gradually to zero during the rest of the uprush. On the backwash the 
reverse of this picture was observed. Velocities measured were well in excess of those 
needed to initiate and maintain transport of the resident beach material (D50 = 0.3mm). The 
total load during the uprush was found to display a strong relationship with the time-
averaged velocity cubed. Based on their experiments, Hughes et al. suggested that transport 
in the swash most likely takes place under sheet flow conditions. On a different beach, 
Masselink and Hughes (1998) conducted similar experiments to those reported by Hughes 
et al. (1997) which confirmed the previous results. 
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2.5 Longshore transport 
Full and quasi 3D morphodynamic models are being developed but they are still very 
computationally expensive to run and are more suited for short- and medium-term 
predictions for restricted coastal areas. To date, none of these 3D models have specifically 
been developed for a shingle beach environment. The bulk of long term shoreline evolution 
predictions are still based on one-line evolution models, in combination with an analytical 
longshore transport equation. Choosing a suitable analytical equation as the sediment 
transport engine of the model is of paramount importance, since it wi l l lie at the heart of all 
the shoreline evolution calculations. 
2.5.1 Available data on longshore transport of coarse-grained material 
2.5.1.1 Field data 
Schoonees and Theron's (1993) extensive review of field data suitable for evaluating 
longshore sediment transport models identified a particular lack for grain sizes coarser than 
0.6 mm, beach slopes steeper than 0.06 (1/14) and significant wave heights exceeding 1.8 
m. Of the 42 experiments listed, only 2 were for coarse-grained beaches (Schoonees and 
Theron, 1993). The principal reason for the lack of data lies in the relative fragility of most 
measuring equipment compared to the harshness of the shingle beach environment. 
Consequently, sediment transport data from shingle beaches has traditionally relied on one 
of three methods: tracers, traps or profile/shoreline change. 
The general problems with determining a reliable sediment transport rate from tracers are 
well knovm (see White, 1998), but there are several additional difficulties associated with 
shingle sized sediment, in particular the question of representativeness. The physical 
properties can be well mimicked by the new generation of aluminium (Wright et al., 1978) 
and electronic tracers (Workman et aL, 1994; Van Wellen et al., 1997). These also go some 
way to addressing the problem of burial since they can be tracked at depths of about 0.4 
and 0.8 m respectively (unlike painted pebbles, which can be recovered only from very 
near the surface). A l l types of tracers, however, are subject to concern about recovery 
rates. Whilst the aluminium and electronic tracers can be accounted for individually, even a 
100% recovery rate over one tide represents only about 150 clasts at most, due to the 
labour-intensive recovery procedures prohibiting the injection and tracking of more tracers. 
A further problem is the estimation of depth of the moving layer of sediment, which is 
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much deeper than on a sand beach {e.g. Nicholls and Wright, 1991) and spatially and 
temporally more variable. Similarly, the width of beach over which transport is occurring is 
narrower that on dissipative sand beaches but is also variable through the tide, particularly 
on a macro-tidal beach. There is some indication that transport rates derived from tracers 
consistently over-estimate the actual transport taking place (Van Wellen et al., 1998). This 
may be due to the temporal and spatial variability of both the depth of disturbance and 
width of active beach. These are important parameters in calculations to derive transport 
rates from tracers, but their variability through the tide has not yet been taken into account. 
Traps are difficult to deploy on shingle beaches. Of necessity, they tend to be substantial 
structures and interfere with the current field in shallow water, which ultimately governs 
the sediment transport. Bray et al. (1996) compared sediment transport volumes measured 
by tracers and traps. The traps were difficult to secure in loose shingle and therefore few 
measurements could be made in the areas where sediment mobility was highest but, 
overall, they found that the trap volumes were several orders of magnitude lower than 
measured by tracers. They attributed this to poor trap efficiency on shingle beaches due to 
scouring, build up against the sides and loss of material on the ebb tide. They concluded 
that traps are unreliable in other than near-calm conditions. Another uncertainty with trap 
data, particularly for macro-tidal sites, is the conversion of trapped volumes to surf zone 
integrated transport rates, since traps generally sample at one location only. Therefore, an 
assumption of temporal stability is necessary. 
In summary, tracers, rather than traps, are the preferred technique for obtaining short-term 
sediment transport rates on coarse-grained beaches. Tracers are non-invasive and can be 
used in high energy conditions, but the input parameters for the calculation of transport rate 
remain uncertain and require fruther evaluation. 
For engineering purposes, the volumetric changes from survey data are of most use for 
longer-term patterns of beach response, with all the strengths and weaknesses of smoothing 
out short-term fluctuations. Reliable estimates of transport rates require the presence of a 
shore-normal barrier e.g. a harbour wall or an extended groyne, which wil l trap all the 
longshore sediment transport. Ideally, transport should also be constrained some distance 
updrift of the barrier, so that all the sediment passing through the area of interest can be 
accounted for. Nicholls and Wright (1991) observed that loss of shingle offshore is 
normally negligible. Therefore, at suitable sites, the impoundment technique is particularly 
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well suited for obtaining long-term longshore transport rates on shingle beaches. However, 
the precision of some of the measurement techniques can limit the usefulness of some of 
the data for less than half yearly transport trends, unless the confidence limits on the 
measurements exceed those of the survey errors (Van Wellen et al., 1998). 
Only two field experiments on coarse-grained beaches satisfied Schoonees and Theron's 
(1993) criteria, which essentially required measurements of wave conditions (height, 
period, angle), transport rate, beach gradient and grain size. The two experiments were 
performed by Nicholls and Wright (1991) and Chadwick (1989) and are discussed below. 
Most other published sources of shingle beach data failed on the lack of concurrent wave 
measurements (even visual records were acceptable, though incurred a low weighting). For 
example, Chesil Beach has a long history of transport experiments, mainly in the attempt to 
explain the remarkable lateral sorting along its 28km length (a summary is given in Bird, 
1996) but few with detailed wave measurements. Other, detailed tracer experiments 
elsewhere suffer the same handicap, e.g. Jolliffe (1964). 
In contrast, Hattori and Suzuki's (1978) experiment recorded offshore wave data, including 
two typhoons, but analysis of the results concentrated on the (surface) velocity of the 
tracers and did not include calculations of transport rates. The experiment deployed 7000 
non-indigenous (dacite) tracers on a micro-tidal, sand and gravel beach in Suruga Bay, 
Japan. Recovery rates were low, only 2-3% for each survey (but which still involved up to 
350 tracer clasts). The results are probably representative of the upper portion of the beach, 
since tracers are more likely to become buried below the mean water line. The mean 
longshore velocity of the tracers ranged from 2m/day in typical wave conditions, to 50-
60m/day in storms, with up to 1 km/day during the typhoon, Hattori and Suzuki {op. cit.) 
found a reasonably linear relationship between longshore tracer velocity and the longshore 
component of the wave energy flux and concluded that the threshold wave height for tracer 
movement was about 0.2m. 
Nicholls and Webber (1987) reported two long-term experiments on Hurst Castle Spit, in 
May 1981 and March 1982 using 99 and 759 aluminium tracers respectively. The 
equivalent D50 grain size was between 34 and 55mm for the first experiment and 27 and 
49mm for the second, which represented the coarser part of the indigenous shingle 
population. Cumulative recovery rate of the tracers reached 62% after 80 and 48 days from 
the start of each experiment. Two further experiments near Hengistbury Head were 
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described by Nicholls and Wright (1991) with 75 and 460 aluminium tracers of 
approximately 40mm D50. Both series of experiments included some wave observations 
and therefore could be used to calibrate the SPM sediment transport equations for shingle 
beaches (see below). Their results are discussed further below. Chadwick (1989)'s 
experiments are described below with other experiments from Shoreham Beach. 
Since Schoonees and Theron's review in 1993, several other field data experiments have 
been conducted, although again, in some cases, insufficient information has been included 
to make them useftil for further evaluation. For example, Bray (1997) deployed aluminium 
tracers at several locations along the eastern part of Lyme Bay. Some 40 tracer searches 
were conducted over a year, covering a variety of wave conditions, with reported transport 
rates of between 2mVday to 22mVday in low energy conditions and a maximum of 168 
m^/day during high energy conditions. Bray stated that the results of the tracer experiments 
were used to calibrate sediment transport equations after the manner of Nicholls and 
Wright (i.e. to derive a value for K in the SPM equation (see below)), but no details were 
given in Bray (1997) or any readily available publication. 
Several shingle beach field experiments have taken place at Shoreham-by-Sea, West 
Sussex, on the south coast of the UK, including the most recent deployments e.g. Workman 
et aL (1994); Bray et al. (1996). The prevailing wave direction is from the SW and SSW 
and the site is fully exposed to storm waves generated within the English Channel. The 
macro-tidal beach is open towards the west and is in a natural state over an alongshore 
distance of 2km. To the east, the beach is confined by a long harbour breakwater, which 
extends approximately 200m. The toe of the shingle bank extends only halfway along the 
breakwater and therefore it can be assumed that no longshore transport of shingle occurs 
past the breakwater. 
Annual aerial surveys of the site have been carried out since 1973. From these, Chadwick 
(1989) estimated a mean sediment volume accretion of 14,539m"' per year, based on 
statistical analysis of the trends of beach line movement and the changes in cross sectional 
area. This figure was independently corroborated by the volume obtained from a recent 
sediment bypassing scheme around the harbour breakwater which suggested that sediment 
accumulates against the breakwater at a mean rate of 15,000-20,000m^/a (Wilson, 1996). 
The estabhshment of a net annual transport rate by two independent methods makes this a 
particularly valuable long term figure against which coarse-grained sediment transport 
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equations can be tested; it wil l be referred to henceforth as the Shoreham long term 
transport rate. 
Short-term tninsport rates at Shoreham were also derived from traps placed at about mid-
tide level and orientated alongshore facing the expected direction of wave approach 
(Chadwick, 1989). Seven successful trapping experiments were conducted. Concurrent 
measurements of waves were made by a resistance staff and wave angle was estimated by 
timing the progression of wave fronts through an array of wave poles. Longshore transport 
rates varied from 4 to 32m^/day for waves of 0.23 and 0.48m Hnns respectively. 
Traps and tracers (electronic and aluminium) were deployed concurrently at Shoreham in 
autumn 1995 (Bray et al 1996). Three deployment periods covered low, intermediate and 
high energy conditions of 11, 3 and 10 tides respectively. Between 54 and 102 aluminium 
and 30 to 60 electronic tracers were used for each experiment. The nearshore wave climate 
and direction were measured using an array of resistance staffs (Chadwick ei al., 1995). 
The traps were steel cages (1.2 x 0.5 x 0.5m) with the open section orientated in the 
direction of the expected longshore transport. Recovery rates were higher for the electronic 
tracers than for the aluminium, due mainly to their deeper detection depth. Transport rates 
were derived for a succession of tides, although the time scale over which each transport 
rate was averaged is not clear from the data given in Bray et al. (1996). Transport rates 
measured by the electronic pebbles and aluminium tracers were broadly similar in low and 
intermediate energy conditions. However, during high energy conditions, the transport rate 
measured by the electronic tracers was over one-third higher than for the aluminium 
(although recovery rates were low for both types of tracers during this experiment). 
2.5.7.2 Laboratory data 
Laboratory experiments aimed specifically at coarse-grained sediment transport are 
severely handicapped by the impossibility of representing the characteristics of both the 
individual coarse-grained particles and sediment as a whole. In particular, correct scaling 
for the threshold of motion is incompatible with a realistic simulation of the hydraulic 
conductivity of the bulk sediment, which is knovm to be of consequence for shingle 
beaches. The result is that alongshore transport observed in a laboratory model using 
scaled sediment is often very different from that which would occur in nature (Brampton 
and Motyka, 1987). A ftirther problem with laboratory experiments is that a large basin is 
needed to undertake research into longshore transport under oblique waves and, in general, 
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experiments have tended to concentrate on the profile response of coarse-grained beaches 
under v^ave attack (e.g. Powell, 1988, 1990). Despite the scaling problems, data from 
laboratory experiments have been used to calibrate and validate a number of longshore 
sediment transport models, as discussed later in Section 2.5.2. 
In van Hijum and Pilarczyk's (1982) laboratory investigation of gravel sized material, 
longshore transport was measured from beach profile surveys using the principle of 
continuity of sediment in the longshore direction. Brampton and Motyka (1984) pointed 
out that the random wave tests were limited in number, using small wave heights and 
apparently with only one sediment size. Van Hijum and Pilarczyk's analytical equation 
subsequently become known as the Delft equation and is given later in Section 2.5.2. 
In the wave basin test programme reported by Coates (1994), crushed and graded anthracite 
was used to represent shingle. Longshore and cross-shore transport was measured using 
traps and from changes in beach profile. The results indicated that a larger proportion of 
suspended transport occurred in the model tests than might be anticipated on a prototype 
beach. No quantitative transport rates were included in the report (the primary aim of the 
study was to examine the response of shingle beaches in the presence of groynes and 
detached breakwaters) but the results were later used to test the force-balance equation of 
Damgaard and Soulsby (1996). Though lightweight sediments such as anthracite have been 
used in the UK for over 30 years to construct model shingle beaches (Loveless et al., 
1996), lightweight sediments can grossly overpredict transport rates (Loveless, 1994). 
This section established what data is available on longshore transport on coarse grained 
beaches. The following section wil l look at the available longshore transport equations 
which can be used on this type of beach. 
2.5.2 Categorisation of longshore transport equations 
The longshore transport equations have been subdivided into three groups. These groups 
are: the energetics method, the force-balance method and the dimensional analysis method. 
The first two methods are based on the forcing mechanism that lies at their base. The third 
method encompasses equations which were not derived on a theoretical approach but were 
based on multi-regression analysis between measured data and groups of non-
dimensionalised groups of parameters which are thought to play an important role in the 
process of sediment transport. The group of the energetics approach has been subdivided 
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into two sub-categories: the energy flux method which was specifically developed for 
coastal apphcations and the stream power approach which is a more generally applicable 
method which has found its application in the coastal area. 
2.5.2.1 Energetics method 
Energy flux approach 
The energy flux method is based on the principle that the immersed weight of the 
alongshore moving sediment is proportional to the alongshore wave power per unit length 
of beach. Probably the most widely used equation is the Shore Protection Manual (SPM) 
equation for longshore transport (US Army Corps of Engineers, 1984) otherv^se also 
known as the CERC equation. The formula was originally established by means of a best 
curve fit analysis based on data obtained fi-om three independent studies (Watts, 1953 
(sediment trap); Caldwell, 1956 (sediment trap) and Komar, 1969 (tracers)). These studies 
had a spread in grain size ranging from 0.175mm to 0.6mm which puts them in the fine and 
medium sand range. The equation includes both bedload and suspended load and predicts a 
bulk transport rate. It is usually given in the form of: 
7^  = / : 4 [N/s] (2.18) 
where lis is the longshore immersed weight sediment transport rate, is an empirical 
proportionality coefficient and Pts is the alongshore wave power, given as: 
/ > , = ( £ C j ^ s i n ^ , c o s ^ , (2.19) 
in which E is the wave energy, Cg is the wave group celerity and ^ is the wave angle at 
breaking. Equation (2.18) can be expressed in terms of a volumetric transport rate by: 
Q i s = y [ ' " ' /^J (2.20) 
where 
r J - ^ ^ (2.21) 
\ + e 
in which ps is the particle density, p is the water density, g is the gravitational acceleration, 
and e is the void ratio. 
The /^-coefficient suggested in the SPM is a fijnction of the statistical wave height 
used in the equation. For random waves with a Rayleigh distribution the A^-coefficient 
suggested for sand when using the root mean square wave height is 0.77, whilst i f using the 
significant wave height under the same conditions, K is halved to read 0.39. The main 
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criticism of the SPM equation is that the K coefficient is independent o f parameters such as 
beach slope and grain size. This weakness is already identified within the sand flection of 
beach material (Komar, 1988) but becomes even more apparent when the SPM equation is 
used on coarse-grained beaches. Schoonees and Theron (1993,1994) fitted an SPM-like 
expression to a large high quality field data set and found that the best fit for D50 < Imm 
was given by: 
= 0.41 {R" = 0.77) [WI m] (2.22) 
whilst for D50 > Imm the best fit was given by: 
4=0.01/>, (7?^  =0.11) [Wlm\ (2.23) 
From the 34 data points used by Schoonees and Theron (1994) to obtain Equation (2.23) 21 
were from sites characterised by coarse sand and 13 were from gravel sized material (7 
from Chadwick (1989) and 6 from Nicholls and Wright (1991)). The two equations above 
support the well established supposition of a reduction in K with an increasing grain size. 
However, the low correlation coefficient, R^, does indicate that the longshore transport of 
coarse-grained sediment varies so significantly with grain size that Equation (2.23) cannot 
be used reliably for shingle transport prediction. 
Swart (1976) suggested the use of a variable K-coefficient in fiinction of the representative 
mean grain diameter: 
( 0.00146^ 
A, =1876 log 
^ 5 0 ^ 
Pis [ml a] (2.24) 
However, Schoonees and Theron (1994) found that, despite its dependence on the grain 
size. Equation (2.24) was unable to give reliable predictions even within the range of 
0.1mm < D50 < Inim. 
Another modification to the original SPM equation put forward to make it applicable to 
coarse sediment was the introduction of a threshold of motion term. Brampton and Motyka 
(1984) combined this approach with a dimensionless particle size: 
KPu 8-1 D« (2.25) 
in which L is the wave length, D90 is the ninety percentile grain diameter and €1 and £2 are 
two extra calibration powers which need to be evaluated for each site. The fact that there 
are potentially three parameters which would need to be evaluated at each new site makes 
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Equation (2.25) very difficult to apply. Brampton and Motyka (1987) subsequently put 
forward a more practical approach to take wave heights of 0.5m and above only into 
account, regard ej and €2 as zero and use a much smaller value for K. Chadwick (1989) 
suggested taking £*/ as zero and €2 as 1 and calibrated Equation (2.25) against long-term 
impoundment data from the Shoreham field site. This resulted in a /^-coefficient about 9 
percent of that for sand (when using Z/™). 
An alternative method for implementing the threshold of motion term is to incorporate this 
as a threshold wave power, Piso. 
Q's = f{P.-Piso) (2-26) 
Chadwick (1989) using trap data from Shoreham and Hrms for the calculation of Ph 
suggested a value of 13.9W/m for Puo with 0.0366 for K. However, the equation was only 
evaluated at that one site and as such no relationship could be given between P^o and other 
parameters such as the beach slope and the representative grain size. As a result Equation 
(2.26) remains site specific. 
Stream power approach 
Bagnold (1963, 1966) developed a more physically meaningful approach to the energetics 
based formulae. Originally developed for stream flow, he introduced the concept of stream 
power in which a proportion of the available power was expended transporting sediment as 
bedload or suspended load. For oscillatory flow, he argued that the sediment was moved 
back and forth relative to the local rate of energy dissipation without any net transport 
taking place. A steady current superimposed on this motion would move the sediment in 
the direction of that current. This is an early form of the now widely accepted 
understanding that in a coastal environment, it is the oscillatory currents which mobilise 
the sediment and the net mean currents which transports it. 
Bailard (1984) integrated the local time-averaged longshore transport rate, which he 
obtained by generalising Bagnold's total load transport expression (Bailard, 1981), and 
recast it in such a way that it could be used as modified SPM equation. Bailard (1984) put 
forward the following form of the /C-coefficient to be used in the SPM equation: 
K = s,K,+s,K,^e]K, (2.27) 
in which the bedload efficiency term €b and the suspended load efficiency Ss are equal to 
0.13 and 0.032 respectively and 
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K, =0385 + 20sin'26',+0.074tana (2.28) 
K,=Q.22%uJw^ (2.29) 
:^3 = 0.123tana(M„,/vvJ^ (2.30) 
where tana is the beach slope, w b^ is the maximum velocity at the bed and is the fall 
velocity of the sediment. Substituting these above values into Equation (2.27) results in: 
/ : = 0.05+2.6sin' 2^ , + 0.007w„,/w, (2.31) 
In this equation the beach slope term and f/ZCj have been omitted due to their negligible 
influence. It can be argued that due to the inclusion of the fall velocity the modified SPM 
equation has a grain size dependency. Equation (2.31) takes both bedload and suspended 
load into account. For shingle transport it is probably appropriate to ignore the suspended 
load part, which reduces the equation to: 
= 0.05+ 2.6sin'2(9, (2.32) 
This does however remove any dependence on grain size and as pointed out by Bailard, 
there is no threshold of motion term in either of the remaining two expressions for K. This 
is likely to result in an overestimation of the transport rate on shingle beaches. 
McDowell (1989) based his empirical formula for bedload transport on shear stresses, bed 
friction coefficient and particle properties. In essence, it extends the concept of stream 
power to rapidly varying flow conditions. Stream power is defined as the product of the 
depth mean or cross-sectional mean velocity and the shear stress at the bed. This accounts 
for the overcoming of the resistance at the bed, initiating particle motion and finally results 
in the transport of the sediment from the steady, uniform stream domain (Bagnold, 1960, 
1966). Bagnold (1980, 1986) showed also that there was a strong correlation between the 
rates of bedload transport and the excess stream power. He defined the latter as the 
difference between the total stream power and that which would be just sufficient to initiate 
sediment movement. In view of these findings, McDowell introduced a term representing 
the critical virtual stream power {PQ ) in his equation. The full equation, which renders 
sediment transport in kg/ms, is: 
"'.^A^ipgyn^'r-^DriP-P^Y" (2.33) 
Where mt, represents the relative mass rate of transport of bed in [kg/ms], AM is a 
calibration coefficient in [m"''^], p is the fluid density, g is the gravitational acceleration, 
riM is the Manning-Strickler friction coefficient, r is the shear stress at the bed, Dso is the 
median grain diameter, P ^= pul = f^^rTp^^ = r ^ ' V " ^ ) the virtual stream power per 
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unit area, PQ is the critical virtual stream power and Bsi has the value of 5.03. Assuming 
BM = 5.00 the above equation can be rearranged to read: 
= A^g'n^'DrP{\ - P, I Py (2.34) 
McDowell suggested taking AA^ equal to 17.4 m" '^*. By inserting the term PQ , McDowell 
effectively introduces a threshold of motion term making this formula much more 
universally applicable regardless of the sediment particle size, rub is related to a volumetric 
rate of transport (Q) by: 
g = ^ r _ L ± ^ l \m'/ms] (2.35) 
\Ps-pJ ^ ^ 
where p , is the particle density, p is the fluid density and e is the void ratio of the 
sediment. Although the formula as suggested by McDowell has only been calibrated by 
using laboratory and field data covering a limited range o f sediment sizes {D50 ranging 
from 18|im to 1.4mm) it has been shown to apply to streams transporting sediment of 
median grain sizes up to 0.3m whilst only relying on a limited amount of input parameters 
which can be gathered in the field without great difficulty (McDowell, 1989). Though 
Equation (2.35) has to date not been used on a shingle beach in combination with a 
transport distribution model it has been used in a numerical model for longhshore shingle 
transport. BORESED, a recent numerical model for longshore shingle transport prediction 
(Chadwick, 1991a, b), comprises a hydrodynamic, phase-resolving model, coupled with the 
McDowell bedload transport formula. The hydrodynamic module uses the non-linear 
shallow water wave equations (based on Hibberd and Peregrine, 1979; Packwood, 1980; 
Ryrie, 1981, 1983). Instantaneous transport rates across the surf and swash zones are 
subsequently integrated in space and time to determine the total longshore transport rate. 
Thus, this model specifically includes a sediment threshold term and transport in the swash 
zone, both of which are of importance on shingle beaches. The model requires calibration 
o f only the fiiction coefficient (based on Manning's n; multiplied by a factor MNFACT). 
Chadwick determined the value of this coefficient from the Shoreham long-term transport 
rate. Based on time averaged output (Chadwick, 1990) the model does not attribute 
significant longshore transport to the swash zone (see Figure 2-8). 
34 
Chapter 2 Literature Review 
IB » 
Figure 2-8 Period averaged longshore transport across the surf and swash zone as 
predicted by the BORESED model for Hsb = 1.25m, dt = 1.6m, T,mean = 5s, 6^  = 
10^, tana=-OA,Dso = 0.02m, Dgo = 0.04m and MNFACT=23; Chadwick (1990, 
1991b). Swash zone starts from 16 to 17m and therefore extends about 4m 
(Chadwick, pers. comms.). 
Morfett (1988) suggested using the wave energy dissipation as the driving mechanism 
behind sediment transport rather than the stream power. Based on this principle he derived 
the following equation: 
g[p,-p)Di^ 
in which A" is a proportionality coefficient of the order of 2.84-10'^ (Morfett, 1989a, b). The 
expression pw^-pw+cr <s termed the virtual wave power P+, which is an expression 
analogous to that of excess stream power. The dissipation velocity (u+) is given as: 
= 
V P ) 
(2.37) 
in which the dissipation rate is given by: 
(2.38) 
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In order to establish a threshold of motion condition below which no transport would take 
place, Morfett conducted multi-regression analysis on the laboratory data of van Hijum and 
Pilarczyk (1982) and suggested the followdng expression: 
= 2 ^ 0 +(0.087e/,, log(lOOOAo)) (2.39) 
Morfett used Equation (2.16) in a one line shoreline evolution model and applied it to both 
Brighton beach and Shoreham beach. He found that the model showed good agreement 
with the measured beach evolution for the Shoreham site but poor agreement at the 
Brighton site. Later developments of the formula did, however, maintain the dependency of 
the longshore transport on P^^^ and sinO^^'^ (Morfett, 1990; 1991). 
Elfrink (1997) developed a numerical model based on the 2D non-linear shallow water 
equations including the effects of wave breaking and a turbulent boundary layer. The 
bedload transport in the model is calculated using the formulation of Engelund and Fredsoe 
(1976), which is very similar to Bagnold's expression (1963) for bedload transport, whilst 
the suspended transport is calculated using the model of Deigaard et al. (1986). Elfrink 
concluded that the mean longshore transport in the swash zone is dominated by bedload 
transport. He also concluded that on steep beaches the transport in the inner surf and swash 
zone is an important contributor to the total longshore transport. However, the bulk of this 
contribution appears to come from the inner surf zone, seaward of the SWL, rather than 
from the swash zone. Therefore, in common with the BORESED model, the swash zone in 
Elfrink's model does not produce a significant contribution to the total longshore transport. 
2,5.2,2 Force-balance method 
This method relates the sediment transport to the bed shear stress. As such, the method 
relies on an accurate representation of the hydrodynamics to determine the wave induced 
currents from the radiation stresses. This approach is by far the most complex but given its 
physically meaningful background has the advantage of being potentially the most widely 
valid. 
One of the first equations to take this approach to sediment transport was the Kalinski-
Frijlink formula (Frijlink, 1952). The equation consists of two main parts, one part 
representing the stirring up of sediment by the waves and the second part representing the 
actual sediment in transport. The concept was subsequently adapted and extended by Bijker 
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(1967, 1992) for use in hydrodynamic models. An analytical longshore transport equation 
was not derived. 
A specifically derived formula for the prediction of longshore shingle transport is the force-
balance based equation as given by Damgaard and Soulsby (1996). The derivation of the 
equation comprises a bedload transport formula for combined waves and currents 
developed by Soulsby (1994), which relates the non-dimensional transport rate vector O to 
the non-dimensional Shields parameter 0 (Figure 2-9). 
/ / / / / / / / / / / / / / / / / / 
SHORELINE 
7^ 
WAVES 
Figure 2-9 Original definitions used by Damgaard and Soulsby 
(1996). 
The shear stress vector used in the equation consists of a mean, 6^, and an oscillatory part, 
resulting from the incoming waves. Subsequent cross-shore integration of the 
volumetric sediment transport rate produces the total longshore transport rate, Qis [mVs]. 
Though being completely physics based, a number of simplifying assumptions were 
introduced in the derivation of the equation. These include the assumption of a uniform 
beach, shallow water waves, constant breaking index, no fiirther refraction in the surf zone 
and balance of the radiation stress gradient by bottom shear stress. The final analytical 
expression for Qis is a combination of current dominated transport, Q^i and wave 
dominated transport, Qx2'. 
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Q^=sign{0,}max{\Qj,\Qj} (2.40) 
The threshold condition is given as: Qi,=0 for 9^^<0„, where: 
= p„+0^cos<py +{0^sin<py (2.41) 
in which <p is defined as: 
<p = ~ 0 , (2.42) 
The current- and wave-dominated parts of the transport are expressed respectively as: 
0.21 
s - 1 
( s in 2 ^ , - f 0 i y \ s i n 2 0 
for sin 2 ^ , > ^0^ 
for s in 2 ^ , < f ^ ; . 
(2.43) 
and 
a : 
3/8 r j I M 3/8 fjl9IS 
(0.25 + 0.051 cos2<p)^ ...f' sin 20. 
r"{s-l) 
for A , , / > 1 
2/5 3/5 1/13/5 
(0.050 + 0.010cos2^) sin2(9, 
(2.44) 
where 
for I < 1 
8 ( j - l ) D 
6/5 
9 =9 cr cr y.Hiana 
(2.45) 
The friction factor for rough turbulent flows,/^..r, as used above is based on the analysis of 
a large data set (Soulsby, 1994) and is approximated by: 
(2.46) 
For sheet flow conditions, the friction coefficient derived by Wilson (1989) was used: 
=0.0655 
1/5 
-lis (2.47) 
Damgaard and Soulsby compared the predictions of Equation (2.40) with the transport 
rates calculated from beach profile data at Seaford. They found the measured transport to 
be overpredicted by a factor of 12. After dividing the equation by this factor of 12 the 
predictions were compared v^th Chadwick's (1989) trap data and the laboratory data of 
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Coates (1994) and van Hijum and Pilarczyk (1982). The good agreement found seems to 
suggest that Equation (2.40), reduced by a factor of 12, produces reliable predictions of 
bedload transport on coarse-grained beaches. 
2.5.2.3 Dimensional analysis method 
The equations in this group bear a strong resemblance to those in the energetics category 
but they were derived mainly from mathematical relationships between dimensionless 
groups of variables, rather than from physical principles. Almost all of them stem from 
laboratory experiments and try to obtain a best fit correlation between the measured 
environmental parameters and the measured transport rate. The earliest equation in this 
group aimed specifically at coarse-grained sediment transport is best known as the Delft 
equation for longshore transport under random waves (van Hijum and Pilarczyk, 1982). 
The equation was originally derived using the laboratory experiments conducted by van 
Hijum (1976) and van Hijum and Pilarczyk (1982): 
^ = 7 . 1 2 1 0 - ' ^ ^ ^ 
1/2 1/2 
(2.48) 
tanh 
\ L ) 
Though van Hijum and Pilarczyk noted a parabolic movement of material in the swash no 
differentiation was made between surf zone and swash zone transport. The expression 
between the square brackets suggests that sediment motion is initiated when 
H^j^cos0 > S.3DgQ. Brampton and Motyka (1984) argued that this threshold term needed 
to be raised to some higher power in order to reproduce sediment movement at high levels 
of wave energy. 
The main drawback of Equation (2.48) is that it uses wave parameters measured at an 
offshore location and at the toe of the beach. Hence, Chadwick (1989) recast the Delft 
experimental data in terms of conditions at the breaking position to give: 
0 , = 0M\3[gDl,T^)w{W '%2)s\n0, [mVs] (2.49) 
where 
J V = " - ^ ^ (2.50) 
•^90 
van der Meer (1990) also recognised the difficulty o f using other wave parameters than 
those at the breaking point and also re-analysed the data of Van Hijum and Pilarczyk 
(1982) to produce his own longshore transport equation: 
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a ,=o.ooi2gD„5„r , / / ,V^ H J cose. -5^-11 sine, [kg/s] (2.51) 
where D„,, ={M,, / p,)'" (2.52) 
in which M^o is the mass of the representative particle. This equation is very similar to 
Equation (2.49) differing mainly by a slight modification in the value of the proportionality 
coefficient and the threshold term. 
The longshore transport equation as presented by Kamphuis ef al, (1986) was aimed 
primarily at sand beaches but since it accounts for the effect of beach slope and grain size, 
it is included here as being potentially applicable for shingle beaches. The equation, based 
on an extensive series of laboratory tests and a broad range of field data, is given by: 
a , = l - 2 8 ^ 5 ^ ^ ^ ^ s i n 2 ^ , [kgls\ (2.53) 
The expression was subsequently improved on with the use of extra data obtained from 
further model tests (Kamphuis, 1991b): 
a , = 221 Hi T^ ' lanar D-" '' sm' ' 20, [kg I s\ (2.54) 
Equation (2.54) was found to produce rehable transport predictions on sand beaches; 
Kamphuis (1992) suggested that it should also be valid for coarse-grained beaches. Though 
Kamphuis (1991a,b) observed that the laboratory tests were for the most part bimodal in 
nature with one peak just landward of the point of wave breaking and one peak near the 
SWL, no attempt was made to describe the longshore transport in the swash by means of a 
separate equation. 
Schoonees and Theron (1996) identified Equation (2.54) as being the most accurate 
longshore transport equation available and recalibrated it using their extensive database. 
Using 123 points from their field data sets they suggested: 
e. = 63433x^^^^„ \m'ld\ (2.55) 
with -^ 4-//^ (^tanar^  (2.56) 
and using all 273 data points an altemative version was put forward as: 
Qis = 50000x,^^^^ [m'/a] (2.57) 
Schoonees and Theron (1996) recommended the use of Equation (2.55) at sites where the 
significant wave height tends to exceed 0.3m and where the sediment is of a finer nature 
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(usually < 1mm). At protected sites and/or where the sediment is coarser, Equation (2.57) 
should be used. 
From the above review it is clear that most equations which have been derived for 
longshore transport on coarse grained beaches have ignored the longshore transport 
potential of the swash zone. Though data has shown that the swash zone holds considerable 
potential for longshore transport, the only way in which the longshore transport in the 
swash has been accounted for is by means of an implicit inclusion in the equation when 
calibrated against field or laboratory data. No attempt has been made to de-couple swash 
and surf zone longshore transport. Further details on longshore sediment transport 
equations used on shingle beaches can be found in Van Wellen (1998) and Van Wellen et 
al (1999). 
2.6 Cross-shore transport 
Cross-shore transport is inextricably linked with longshore transport since both are the 
result of the same force vector at work in the littoral zone. For bedload on a shingle beach, 
this force vector causes the sediment in the surf and swash zone to move along the beach in 
an oblique zigzag direction. Historically the vector-like nature of the sediment transport is 
split up into the longshore and cross-shore component. This division was probably 
instigated by the fact that in most coastal engineering problems {e.g. predicting the yearly 
accretion of sediment against a harbour wall or predicting the beach profile evolution upon 
renourishment) either the longshore or the cross-shore component o f the total sediment 
transport is dominant. From these two directional transport components, it is the longshore 
sediment transport which is by far better understood. The reason is twofold. Firstly there is 
the fact that longshore transport has been under study since the late thirties e.g. Munch-
Petersen (1938). In contrast, cross-shore transport has only been under study for little more 
than a decade. The second reason is that the overall longshore component of the sediment 
transport is, generally speaking, larger and directionally a lot more stable than the cross-
shore component, although there is still considerable uncertainty regarding the influence of 
grain size distribution, cross-shore distribution of velocities and several other influencing 
factors. The cross-shore component normally fluctuates considerably in both magnitude 
and direction almost on a wave by wave basis. 
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It is also in the cross-shore direction on shingle beaches that the influence of sea water 
infiltrating or exfiltrating the beach wil l possibly start to play an important role. Ideally this 
should be taken into account, since observations made from experiments involving the 
injection of dye indicate that the wave action produces a time-averaged quasi-steady-state 
infiltration of sea water (Longuet-Higgins, 1983 and Quick, 1991). Other studies e.g. 
Bagnold (1947), van Hijum and Pilarczyk (1982) and Powell (1990) also recognise the 
important role that the hydraulic conductivity plays in beach profile development. 
Quick (1991) states that steady infiltrafion occurs shoreward of the breaker zone whilst 
exfiltration can be found seaward of the breaker zone. The permeability and the infiltration 
that goes with it wil l introduce additional wave-induced shear stresses. During wave uprush 
water is infiltrating into the beach, resulting in an additional onshore stress. It is worth 
noting that, according to Quick, exfiltration during the backrush of the wave will also cause 
an onshore orientated stress on the sediment grains. When the water exits the beach it will 
have near zero momentum and as such act as part of the beach face. This, in turn, will 
mean that it wil l have to be accelerated by the water which is rushing seaward. This wil l 
result in a relative loss in available momentum for sediment displacement. It is however 
doubtftil whether, given the size of the shingle typically found along the British coast, the 
fluctuation in mean shear stress or added l i f t due to ground water movement is likely to 
significantly alter transport processes in the surf zone. In addition, incorporation of models 
of groundwater flow on shingle beaches is complicated by the likelihood of non-Darcijin 
flow through the shingle and by the fact that many shingle beaches contain significant 
quantities of sand at some depth below the surface. Once the proportion of sand is about 
30% by weight, the hydraulic conductivity of the bulk sediment reduces to that of a sand 
beach (Mason et al., 1997), as does the topographic response of the beach profile (Quick 
and Dyksterhuis, 1994; Holmes et a!., 1996). 
The following sections review the existing data for cross-shore models for coarse-grained 
beaches and the available models themselves. The models are divided up in static profile 
response models and dynamic models. It is important to appreciate the general scarcity o f 
research into the behaviour of shingle and mixed beaches, combined with the relative 
infancy of the research on cross-shore sediment movement. 
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2.6.1 Available data on cross-shore transport of coarse-grained material 
There exist very few local measurements of cross-shore transport within the surf and swash 
zone. Most measurements consist of "before-and-after" profiles and as such are very coarse 
in data-resolution and do not allow for the distinction between swash and surf zone 
transport. In general it is fair to say that to date virtually no measurements of instantaneous 
cross-shore transport within the swash zone exist for shingle beaches. 
2.6.7.7 Field data 
The field data on cross-shore transport on shingle beaches is limited to "before-and-after" 
beach profiles which for the most part are not in the public domain (e.g. data obtained by 
local authorities, HR Wallingford, 1992). The lack of localised near-instantaneous cross-
shore transport measurements (such as presented by Beach and Sternberg (1991) for a sand 
beach) has to do mostly with the dynamic nature of the forcing vector, making trapping 
very difficult, and the relative fi-agility of measurement equipment combined with the 
hostile environments of a shingle beach, where even under moderate conditions erosion or 
accretion of 0.5m can occur (Mason et aL, 1999) over the space of one tide. Limited profile 
data can be found in Diserens and Coates (1993). 
Recently Hughes et al. (1997) and Masselink and Hughes (1998) presented cross-shore 
transport data gathered in the swash zone of a steep sand beach. The data consists for the 
most part of local transport rates averaged over the course of an up- or downrush combined 
with current measurements. 
2.6.7.2 Laboratory data 
Laboratory scale profile data on cross-shore shingle transport is presented by van Hijum 
and Pilarczyk (1982) who used gravel, and Coates (1994 ) who used crushed anthracite. In 
neither of these studies was the cross-shore transport in the swash quantified separately. 
Sawaragi and Deguchi (1978) presented laboratory data on the surf zone cross-shore 
transport distribution which showed cross-shore transport taking place at the SWL. No 
measurements fiirther in the swash zone were, however, presented. Sunamura (1984) did 
quantify the cross-shore transport in the entire swash zone but used the comparatively 
crude method of relating changes in beach profile topography in the swash zone to the total 
cross-shore transport at the SWL. Sunamura used a very steep (1/5) laboratory sand beach 
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with a representative grain size of 0.2mm for his experiments. More details on these studies 
are given in Section 2.4.3. 
2.6.2 Categorisation of cross-shore transport equations 
2.6.2J Static models 
A first approach to modelling beach profile response is the so called static modelling. This 
approach consists of predicting beach retreat or progression based on an equilibrium profile 
prediction in combination with what has commonly been termed the Bruun Rule (Bruun, 
1962) or variations thereof. In essence these rules relate the profile response to a long term 
rise in sea level. This rise can be the result of an overall sea level rise due to global 
warming (Bruun, 1962, 1983) or it can be the result of a large storm surge (Edelman, 
1972). These rules are what are often termed static or geometric models, meaning that they 
assume that once the equilibrium profile has been determined, the beach profile shifts 
unaltered in its form landward or seaward in an attempt to satisfy the cross-shore area. 
Following the convention of Figure 2-10 Bruim's rule can be expressed as: 
Ax (2.58) 
za 
in which Ax is the shoreline recession due to the rise in water level, As, w is the alongshore 
distance over which the profile is assumed to be constant and za is the active height of the 
beach profile. 
Ax 
Erosion 
Sea level rise 
Deposition 
w 
Figure 2-10 Beach profile retreat associated with rising sea levels. 
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A minor rearrangement of the terms in the above equation results in: 
Ax = ^  (2.59) 
[za I wj 
in which {za I w) represents the average slope of the beach. This expression suggests that 
mild slope beaches such as sand beaches wil l retreat more than steep beaches such as 
mixed and shingle beaches. This property attaches an added value to the beaches on which 
the present study focuses in view of the implications of rising sea level resulting from 
global warming (Hedges, 1993). 
Edelman (1972) modified the Bruun Rule to increase its validity for larger values of water 
level increases, making it more applicable for predicting the beach retreat under large storm 
surge conditions. Assuming that the profile retreat, /?, maintains the same pace as the 
change in water level elevation, the following equation is valid for each moment in time: 
a ~ a 
(2.60) 
where B(t) is the instantaneous total height of the active profile above the present water 
level at that moment in time. 
R(l) 
B(t=0) 
B(t)=B(t=0)- As(t) 
Sea level rise due to storm surge As(t) 
za 
Figure 2-11 Beach profile retreat elements of the Edelman (1972) model. 
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Substituting B{t) = B{t = O)- A5(r) as can be seen on Figure 2-11 in Equation (2.60) results, 
after integration, in: 
za + B{t = 0) 
R{t)-w\n (2.61) 
za + B{t = 0)-As(ty 
where R(t) is the instantaneous retreat of the profile at that moment in time. Similar 
equations have been devised by other authors to suit specific cases (Dean, 1994 and Kraus, 
1992). 
Equilibrium profiles for shingle and mixed beaches which can be used in combination with 
the technique described above have been given by such researchers as van Hijum and 
Pilarczyk (1982), van der Meer and Pilarczyk (1987), Powell (1990) and Quick (1990, 
1991). 
Although static models have their use and have proven to be valuable tools in solving 
engineering problems, care has to be taken in their application. Brampton and Goldberg 
(1991) noted the important influence that the position of the still water level has on the 
predicted profile. This suggests that, on macro-tidal beaches, the models should be 
evaluated at different stages in the tide using small time steps. This is however very 
cumbersome and would defeat one of the advantages of the static approach. Brampton and 
Goldberg (1991) therefore suggested calculating the profile only once but using a higher 
than average still water level. This wil l save a lot of computation time, but will still give a 
representative beach response and build in a factor of safety from a beach management 
point of view. 
An additional problem is that these models do not give any information about the 
distribution of the transport and are devoid of any direct link or feed-back between the 
hydrodynamic forces and the transport they cause. As such the study of their working and 
application wil l not be pursued fiirther in this work. Further details on static models, 
including those mentioned earlier on in this section, can be found in Van Wellen (1998). 
2.6.2.2 Dynamic models 
In dynamic profile modelling, the profile evolves through time based on the locally 
calculated sediment transport rates in response to the computed wave and/or current 
induced forces. There are two ways in which the calculated sediment flux at points along 
the profile can be used to construct the profile. These two methods are generally referred to 
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as open loop and closed loop methods. Essentially, this determines whether the model 
forces the beach profile to converge to a predefined target profile (the closed loop models), 
or whether the model allows the profile to develop freely without imposing some kind of 
constraint in the form of a target (often equilibrium) profile. At the core of a deterministic 
beach profile evolution model lies the sediment transport model combined with a 
continuity equation for the sediment volume. This equation is generally expressed in the 
form of: 
( , _ „ ) ^ = _ ^ (2.62) 
a dx 
in which n represents the porosity, z the beach elevation, / the time , q the cross-shore rate 
of volume change and x the cross-shore distance. 
This section reviews a number of relevant numerical cross-shore profile models which are 
considered representative of the state-of-the-art deterministic cross-shore sediment 
transport models which incorporate those elements which are particularly applicable to 
shingle beach profile modelling. The models will be discussed mostly in terms of their 
approach to the sediment transport, rather than the hydrodynamics, since the core of this 
work concerns the actual sediment transport. However, it needs to be borne in mind that a 
model is only as good as its weakest link and it may therefore be considered prudent to 
carefiilly look at the hydrodynamics model used to drive the cross-shore model. A more 
detailed review can be found in Van Wellen (1998). 
One of the oldest and most widely used open loop models is the time-varying transport 
model by Bailard (Bailard and Inman, 1981; Bailard, 1981, 1982a, b, 1984 and 1985). The 
equations were subsequently re-defined for use under random waves by Guza and Thornton 
(1985). The algorithms go back to Bagnold's (1966) formulae for bedload transport and 
suspended transport in streams, which used a simple power Sanction of the near-bed 
velocity. Bailard assumed that the total velocity vector is expressed in terms of the steady 
and time-varying vectors. Phase-dependent sediment suspension due to vortex generation 
over ripples is ignored and as such the predicted cross-shore transport is only valid on a 
plane bed under sheet flow conditions. Some of the more repeated criticisms of the Bailard 
model are that it ignores the effect of wave breaking turbulence, uses constant efficiency 
terms and has no incipient motion criteria. A definite bonus is that the model has been used 
and validated against an extensive range of erosion and accretion events both under 
laboratory and prototype conditions (Bailard, 1985; Nairn 1990,1991). 
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To date the model is still being widely used and developed. The UNIBEST-TC (Uniform 
Beach Sediment Transport, Time-dependent, Cross-shore) model of Delft Hydraulics 
implements the Ballard (1981) formulae to represent sediment transport and includes 
effects of long waves and breaking-induced turbulence (Roelvink and Stive, 1989). 
Another model that uses the Bailard (1981) formulae is NPM (Nearshore Profile Model) of 
HR Wallingford. This is an elaborate model for direct and oblique incoming waves, 
longshore and cross-shore currents and sediment transport. Details and test results of the 
model can be found in Nairn (1990), Southgate (1991), Nairn and Southgate (1993) and 
Southgate and Nairn (1993). Nairn (1990) reported a poor correlation between predicted 
and measured profile variations in small-scale laboratory tests. He suggested two main 
reasons for this. One is the lack of an incipient motion criteria and no threshold condition 
for the onset of suspended mode transport in the Bailard formulae and the other is a failure 
to include mechanisms in the vicinity of the swash zone. Kabiling and Sato (1994), who 
used Boussinesq theory and Bailard's (1981) formulae in their 3D morphological model, 
also identified an inability to accurately simulate swash zone conditions as a main reason 
for inconsistencies between simulated and observed beach evolution. Although their model 
included the swash zone they found that they were not able to reproduce the sediment 
transport based on profile measurements made in a laboratory model (Watanabe et al, 
1980) and for the most part overpredicted sediment transport in that zone. An interesting 
point to note is that all the above models only consider spilling breakers and as such do not 
account for concentrated wave energy losses under plunging waves. As such the 
hydrodynamic modules of these models assume a saturated surf zone which is not the case 
on steep beaches. Despite their popularity, the Bailard formulae have yet to be calibrated 
for various size ranges of gravel and mixed sediment. Mason et al. (1999) present an initial 
calibration attempt of the formulae for a shingle beach with a representative grain size of 
0.02m. 
SBEACH, developed by Larson and Kraus, is a closed loop cross-shore sediment transport 
model for sand beaches based on energy dissipation (Larson, 1988; Larson et al., 1988, 
1990; Larson and Kraus, 1989; Kraus et al., 1991). Background assumptions made in this 
model can be traced back to observations made during large wave tank experiments 
(Saville, 1957; Kajima et al., 1983). The total model consists of several modules each with 
a specific task i.e. a hydrodynamics module which calculates parameters such as wave 
height, wave angle, wave- and wind-induced set-up and a module calculating the actual 
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sediment transport. Changes in the profile are assumed to result solely from wave breaking. 
In common with the Kriebel and Dean model, SBEACH is based on the assumption of a 
target equilibrium profile and a description of uniform wave energy dissipation in the surf 
zone. The equilibrium profile used by the model has been given by Larson and Kraus 
(1989) and is similar to the Dean (1977) profile. However, unlike Dean (1977), who 
assumed spilling breakers w i^th a constant wave height to depth ratio, Larson and Kraus 
assumed the wave energy dissipation per unit volume to be given by the dissipation model 
of Dally et al (1984). The profile is then split up into four zones, with different wave and 
dissipation properties and within which the net-cross shore transport is calculated, based on 
the wave energy dissipation per unit volume. This empirical model incorporates an 
incipient motion term and has been evaluated against extensive ranges of both laboratory 
and field data. However, it has a rather crude avalanching criteria, with avalanching 
initiated from the moment a local slope exceeds 28** and continuing until a single slope of 
18° is reached. Despite modelling the sediment transport in the swash and breaker zone 
less well, by assuming an exponential decay in the transport rate seaward of the breaking 
point rather than calculating a depth of closure (Schoonees and Theron, 1995), the model 
has been incorporated in a working 3D beach model (3D BEACH) and is commercially 
available. 
Larson (1996) extended the existing SBEACH model by treating random waves 
consistently throughout the numerical model as the summation of a number of 
monochromatic waves rather than attempting to parameterise the random waves by using 
e.g. a root mean square value for the wave height. The transport rates within the model are 
obtained by linearly superimposing all the transport rates calculated using all the 
monochromatic components which make up the random wave. This improvement (Larson, 
1996) does appear to make the model more stable compared to the original SBEACH 
model when used over longer periods of time, but it still assumes that all profile change 
results from the wave breaking. In addition it uses an only slightly improved formulation 
for the net transport rate in the swash zone, which is related to the net transport predicted at 
the shoreward end of the surf zone (Larson and Kraus, 1995): 
/ _ _ 
tan Of 
' ^ ' ^ (2.63) \z^-z^j tana, 
in which qr is the net local transport rate at a point inside the swash zone, qs is the net local 
transport rate just seaward of the swash zone where the elevation and beach slope are z, and 
tanus respectively, Zr is the elevation of maximum run-up and tana is the local beach slope. 
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Though this may be an approximation which appears to work well on sand beaches in both 
laboratory and prototype conditions, it remains to be proven that it wi l l hold true in the 
swash zone on a shingle or mixed beach. 
Al l the models described above were developed initially for use on sand beaches. The fact 
diat most of them are not, or not entirely, based on physical processes makes it rather 
dubious as to whether their predictions can be extrapolated to mixed and shingle beach 
conditions. Damgaard et aL (1996) developed a numerical model for the prediction of both 
longshore and cross-shore shingle transport in the coastal zone. In order to make the model 
as widely valid as possible they opted for employing the physical description of sediment 
transport rather than an empirical approach. To focus specifically on the transport of 
shingle size sediment they incorporated an incipient motion term and took only bedload 
into account. The hydrodynamics input for the model was supplied by the COSM0S-2D 
model fi-om HR Wallingford. The sediment transport core of the model is based on the 
bedload transport formula developed by Soulsby (1994) and extended by Damgaard for 
asymmetric waves. This formula relates the shear stresses, which are split up in mean 
components and oscillatory components, to the non-dimensional Shields parameter and a 
non-dimensional transport rate vector (see Section 2.5.2.2). The profile predictions of the 
model were compared against profile measurements obtained fi*om laboratory experiments 
by Kajima et al. (1982). The model did not appear to give a consistently good fit to the 
data. The authors cited two possible reasons for the discrepancies. Firstly, they suggested 
that the hydrodynamic prediction of the cross-shore mean bed shear-stress made by the 
C0SM0S-2D model is open to further improvement and, secondly, the model is written 
specifically for predicting coarse-grain beach profile development yet, like the traditional 
sand beach models, does not take beach permeability into account. However, a fiirther 
reason which could explain the discrepancy is that the model does not take sediment 
transport in the swash zone into account. 
The models included in this section all touched on cross-shore shingle transport and/or 
included swash zone transport. However, there are several other cross-shore and (quasi) 3D 
models around which have been used with varying degrees of success for the prediction of 
cross-shore transport. It is important to appreciate that, given the complexity of the models 
involved, it is difficult i f not impossible to identify a "best" model as such, since each 
model contains a chain of sub-models. The analogy of a chain being as good as its weakest 
link is, therefore, most appropriate. The present review does show however that there are 
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very few models which deal specifically vAiti the cross-shore transport of coarse grained 
sediment or swash zone related transport. Models that do include the swash zone transport 
tend to do so in a very empirical way. 
Further information on dynamic models can be found in Seymour and King (1982), 
Seymour and Castel (1988), Broker et al. (1992), Roelvink and Broker (1993), Schoonees 
and Theron (1995) and Nicholson et ai, (1997) all of which deal specifically with the 
evaluation of cross-shore models. 
2.7 Conclusions 
In conclusion, it seems apparent that the swash zone, especially on steep coarse-grained 
beaches, can not be ignored in terms of the cross-shore transport, and possibly more 
importantly may even be an important contributor to the total longshore transport budget. 
Since this transport potential has mostly been ignored, or only accounted for via a 
parametric approach or overall correcting proportionality coefficient, there is a clear need 
for a model which evaluates the transport potential of the swash zone in order to improve 
the study of sediment transport on coarse-grained beaches. 
Researchers such as Kamphuis (1991a,b) have presented data which clearly show that, 
under certain conditions, a significant proportion of the total longshore transport takes 
place in the swash zone rather than exclusively in the surf zone. Ideally therefore, surf and 
swash zone transport should be either de-coupled or summated explicitly, rather than by 
default as at present, when equations are calibrated against field data. The review confirms 
that only a few equations have been developed specifically for longshore sediment 
transport on coarse-grained beaches, most of which have involved some form of calibration 
from a very limited dataset (mostly either the experiments carried out at Delft Hydraulics 
or Chadwick's field data at Shoreham). 
In terms of the cross-shore transport, there appears to be even less coarse-grained data 
available to validate new models. For example, the parametric before-and-after-approach of 
the static models is still being used to evaluate profile evolution, despite the extreme 
profile variability of shingle beaches. This seems to be a rather dubious approach since it 
removes the continuous interaction between the beach profile and the hydrodynamic forces. 
Accordingly, dynamic models should be the preferred option. However, it can be argued 
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that long term beach evolution is gradual and appears to be much in equilibrium, 
suggesting that, although a physics based approach is certainly more satisfactory in terms 
of representing the true dynamics of the system, it is at the present time an over-
complication. 
For the most part, any potential influence of beach permeability is ignored and, not unlike 
the models for sand transport, an impermeable beach face is assumed. Ignoring the swash 
zone in the cross-shore transport calculations does not seem justified in view of the data 
presented by Sunamura (1984) and Masselink and Hughes (1998) which shows significant 
cross-shore transport in the swash zone. 
Though at present, methods based on the energy flux and dimensional analysis for the 
longshore transport and static models for the cross-shore transport are still being widely 
used, preference should be given to more physics based methods. The incorporation of a 
threshold of motion term at present is also still often done parametrically. This approach 
should be replaced by a more physically based approach as well, e.g. a critical shear stress. 
At the same time it would be beneficial for models to move away fi-om the artificial 
segregation of cross-shore and longshore transport. Instead the sediment transport should 
be treated as a vector throughout the modelling process. I f such modelling approaches are 
to be true to prototype conditions, it may be valid to also consider intra-wave-period time 
steps in order to account for the widest possible range of hydrodynamic conditions. 
Inevitably, this wil l involve longer computation times. However, as computer processing 
power and the knowledge of the physical processes in the coastal environment grows, 
fijture research on shingle transport should focus on increasing our understanding of such 
methods to ultimately implement ftill 3D morphological models. 
Finally, it is also worth mentioning that in view of the hostile environment encountered on 
shingle beaches, there is an apparent lack of available field data against which to evaluate 
or calibrate existing or new shingle transport models. Future studies should therefore aim 
to try and expand on existing shingle beach field-databases. 
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CHAPTER 3 
NEW EQUATIONS FOR PREDICTING ALONGSHORE BEDLOAD 
TRANSPORT RATES 
3.1 Introduction 
An in-depth understanding of and the ability to predict accurately the longshore transport 
rate are of paramount importance when designing and ev£iluating coastal structures such as 
harbour entrances, breakwaters, navigation channels, temporary trenches and beach 
recharge schemes. To date, the bulk of analytical total longshore transport rate predictions 
have been based on the SPM equation and have rarely been developed for, or applied to, 
coarse grained beaches. This chapter presents new equations specifically for the calculation 
of longshore transport on steep coarse grained beaches. The first two equations are largely 
physics based and calculate the longshore transport across the surf zone. They are based on 
existing equations which are evaluated at several cross-shore positions. However, rather 
than evaluating the transport at several cross-shore positions and deriving the total 
longshore transport by means of numerical integration, an analytical expression is 
presented here. The aim of this was to produce a simple equation in order to see how the 
different parameters interact with each other and focus on the physics behind the sediment 
transport; something which is lost when solving for the transport numerically. In contrast to 
the Damgaard and Soulsby (1996) equation (which uses the depth-integrated momentum 
equation consisting of a balance between the cross-shore gradient of the shear component 
of the radiation stress and the bottom friction), the equations presented here rely on a 
kinematics approach in which the current velocities are calculated and subsequently related 
to transport rates. None of these equations include the transport in the swash zone. Finally, 
the swash zone is included in a new equation based on the numerical model BORESED. 
3.2 New surf zone integrated formulae for estimating bed load transport rate 
In the study of longshore transport it is generally accepted that the sediment on the beach 
face is stirred into motion by the forces resulting from the oscillatory velocities in the 
direction of travel of the waves. It is then transported alongshore by the longshore current. 
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This net longshore current can be the result of waves breaking at oblique angles to the 
shoreline, or result fi-om cell circulation with seaward flowing rip currents. It may even 
have a tidal component to it. When pursuing a single analytical solution to the problem of 
quantifying longshore transport, it is difficult to incorporate the influence of these two 
velocities. Therefore a virtual total velocity vector, Wx, is introduced at each cross-shore 
location x which is based on the vector addition of the maximum wave-induced cross-shore 
velocity component (Wx cosOt) and the combined velocity vector made up of the maximum 
wave-induced longshore velocity component (w, sin^) and the net longshore current at that 
location, (see Figure 3-1). 
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Figure 3-1 Composition of the velocity term w^. 
At each cross-shore position can therefore be expressed analytically as: 
K=M cos' 0, + (w, sin^, + v j 
It is assumed that no significant refraction takes place after breaking so that the wave angle 
relative to the beach orthogonal remains constant across the surf zone. 
The following sections present the derivation of new equations for the surf zone integrated 
total longshore transport, based on the expression for and the earlier work of Shields 
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(1936), Wilson (1966, 1989), Komarand Inman, (1970), Longuet-Higgins (1970), Fleming 
and Swart (1982) and Nielsen (1992). 
3.2.1 A new surf zone integrated formula for cases with negligible horizontal mixing 
Komar and Inman (1970) derived an expression for the mean longshore current in the surf 
zone. The equation gives the depth averaged mean longshore velocity ( v ) in terms of the 
maximum near bed velocity at the point of wave breaking (M^) and the wave angle at 
breaking {Ob)'. 
V = 2.7 sin 9^ cos^^ (3.2) 
Assuming shallow water conditions, w ,^ is given by: 
^h=~yt4sdl (3.3) 
where dt, is the water depth at breaking £uid yt is the breaking criteria, which in terms of 
breaking wave height {Ht) and depth is expressed as: 
n = ^ (3-4) 
In practice, v is measured at the mid-surf zone position. 
Assuming the longshore current distribution given by Longuet-Higgins (1970) then, for the 
case of a planar beach with no horizontal mixing or variability of wave height, the mean 
longshore velocity can be assumed to be at its maximum at the point of breaking, 
diminishing linearly to zero at the land/sea intersection. This is shown in Figure 3-2, where 
cross-shore location x and longshore velocity V j have been normalised against the cross 
shore position of the breaking point xt and maximum alongshore velocity at the point of 
wave breaking vt respectively. As such the alongshore velocity at each cross-shore position 
is given as: 
v . = ^ — 1 (3.5) 
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Figure 3-2 Longshore velocity 
distribution assuming no horizontal 
mixing. 
Assuming such a velocity distribution, it is unlikely 
that the mean longshore velocity wi l l be sufficient to 
initiate sediment trzmsport close to the shoreline. 
However, i f the mean longshore velocity is assumed 
to be part of the alongshore component of a total 
velocity vector ( w) , a much wider section of the surf 
zone wi l l be active in terms of longshore transport. 
Assuming that the beach slope is constant across the beach profile, 
^d 
dx = tan a = const. 
(3.6) 
and the wave height within the surf zone can be expressed as a ftinction of the breaking 
criteria (Equation (3.4)) means that every depth or wave height can be expressed as a 
fijnction of the cross-shore position x: 
J = xtana. (3.7) 
H = xy, tana. (3.8) 
And therefore combining Equation (3.5), Equation (3.3) and Equation (3.1) results in: 
— g t anax + 4 
V 
x ' + 2 
yt^^jgtanax^'^ sm6 
(3.9) 
h needs to be noted that the velocity vector Wx , which acts both as a stirring fionction and a 
transport fijnction for the sediment is directly related to the maximum wave orbital velocity 
at each cross-shore location. This is likely to result in a slight overestimation of the total 
longshore transport since it is not certain that during a fijil wave cycle the threshold of 
motion criteria for the sediment wil l be exceeded all the time. 
Having established a relationship for the virtual velocity, the mean shear stress at the bed 
(TA) can then be expressed at each cross-shore location as: 
rt=pC,^^^l (3.10) 
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in which p is the fluid density, Cd is the drag coefficient and iv^ is the velocity. I f sheet-
flow conditions are assumed to be representative of the shingle transport in the surf zone, 
the drag coefficient can be expressed as a fijnction of the maximum wave orbital velocity at 
the bed and the wave period (Wilson, 1989): 
=0.114) 
27tg 
^ P 
0.4 
(3.11) 
in which g is the gravitational acceleration, is the density of the solids, Tp is the peak 
wave period and is the local maximum wave orbital velocity at the bed. 
On coarse grained beaches, most transport is likely to take place as bedload transport. 
Ignoring a threshold of motion, it is possible to express the bedload transport {q^j at each 
cross-shore position as (Wilson, 1966): 
q,=\ie 3/2 D. 50 (3.12) 
in which D^Q is the fifty percentile grain diameter and ^is the Shields parameter expressed 
in terms of the bed shear stress as: 
(3.13) 
D 50 
The total longshore transport in the surf zone can be obtained by sununing the longshore 
component of Equation (3.12) across the surf zone: 
k s i n g , + v j 
surf zone x 
dx 
= 12Jg 
(3.14) 
surf zone 
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Solving this integral results in: 
g 
13/10 
X x8 /5 
<P J 
P 
112 
30 
19 
10 
33 
80-3 
43 
V X 
.13/10 
(3.15) 
which in turn can be rearranged to read: 
0.10 In'"" 
g 
13/10 
x8/5 
tanar, 3/5 
5 g"'sme, 
80v / / 13/10 
(3.16) 
.43 n 
Though most longshore transport equations suggest that the total transport is proportional 
to the wave period (e.g. the SPM84 equation and the Kamphuis (1991b) equation), 
Equation (3.16) suggests an inverse proportionality. A similar inverse proportionality was 
found by Damgaard and Soulsby (1996) in their physics based equation for longshore 
transport in wave dominated conditions. The mean net longshore current in Equation 
(3.16), here taken to be wave induced, can readily be replaced by a current from a different 
source should such data be available. A possible shortcoming of Equation (3.16) is that 
there is no threshold of motion criterion incorporated in it. Visual field observations 
suggest that i f the threshold of motion at the point of breaking is exceeded, it is generally 
exceeded across the entire surf zone. However, it is interesting to see what difference the 
incorporation of a threshold of motion term would make. This is done by replacing 
Equation (3.12) in the above derivation by Nielsen's (1992) equation for bedload transport: 
\ \ p ) 
(3.17) 
in which Qcr is the critical Shields parameter which needs to be exceeded to initiate motion. 
Using the following three constants, 
D 50 (3.18) 
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V J 
D so 
Cj =0.114 
•Jgtana 
ng - 1 
2/5 
the transport rate can be expressed as: 
^PCT 
C , V ^ j ( M , s i n ^ , + v > " X ^ 
which upon derivation results in: 
r 5 . .3 
112 
30 
19 
10^ 
/ i C ^ t a n a y ' s i n ^ j A : 14/5 
X i - y / J t a n a s i n ^ j V ^ x " ' 
33 
sin^^.+lVigtanavx""" 
80-3 
43 
V X 
13/10 
1/2 
5 \ 
—Yb Vgtanas in^ ,x ' ' ' + 
16 
20 
21 
.11/10 
i9. 
(3.19) 
(3.20) 
(3-21) 
(3.22) 
Xcr is the cross-shore position where the velocity vector has become too small to 
generate a Shields parameter larger than Ocr. This method wi l l result in smaller predictions 
for the longshore transport compared to Equation (3.16) The value of Xcr needs to be 
determined for every set of input parameters by expressing Equation (3.13) in terms of jc, 
substituting 9cr and solving for x. Since this approach would demand more computation 
time without highlighting further the physics behind the sediment transport, no attempt will 
be made here to simplify Equation (3.22) and preference wi l l be given to Equation (3.16). 
Equation (3.16) will be validated against measured longshore shingle transport in Chapter 
8. 
3.2.2 A new surf zone integrated formula with variable horizontal mixing 
In the derivation of Equation (3.16) it is assumed that the longshore velocity reduces 
hnearly landward from the point of breaking. Measurements of longshore velocities by 
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Galvin and Eagleson (1965) under laboratory conditions contradict this and suggest that a 
much more realistic distribution of the longshore velocity is similar to the one displayed in 
Figure 3-3. Longuet-Higgins (1970) gives an expression for the longshore current 
distribution as a result of obliquely incident waves which coincides with that measured by 
Galvin and Eagleson (1965). 
/ / / / / / / / / / / / / / / / / / 
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Figure 3-3 Expected longshore current profile. 
The key equations to describe the longshore current distribution as presented by Longuet-
Higgins (1970) are: 
tana N 
2 a,,q. 
(3.23) 
in which Pih is a non dimensional parameter which represents the relative importance of the 
horizontal mixing which will determine the form of the cross-shore distribution curve of 
the longshore current, tana is the beach slope, is a numerical constant of approximately 
0.008, aih is a constant of the order 0.41, and C//, is the drag coefficient (« 0.010) according 
to Longuet-Higgins. 
A=\I{\-\P,,) (3.24) 
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3 [ 9 r 
Px -Pi 
V 
^0 
8 C, Vtana ' 
(3.25) 
(3.26) 
(3.27) 
(3.28) 
(3.29) 
(3.30) 
The longshore current velocity profile is highly dependent on the value of as shown in 
Figure 3-4. 
Longshore current profile according to Longuet-Higglns (1970) 
Predlctad current profila for difterent mbdng 
parameteraPlh 
Cirrent proTite. assuming no hoizontal 
mixing (Pm = 0) 
— - Location 01 maximum vdobly for varying 
vaues ol Plh 
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 
Figure 3-4 Form of the current profiles according to Longuet-Higgins (1970), for 
different values of the relative horizontal mixing parameter PIH. 
On shingle beaches Pif, is likely to be larger than 0.15 (for a slope of 1/20) suggesting that 
the maximum velocity occurs much more landward than on sand beaches and indicating 
that the current distribution selected in Section 3.2.1 is possibly an oversimplification. 
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Using the longshore current distribution of Longuet-Higgins to describe v^ ,^ the total 
velocity vector, Wx, is expressed as: 
^gXanax-\-vlBf 
(3-31) 
Using Equation (3.31) together with 
the following expression for the surf 
Equation (3.10) through to Equation (3.14) results in 
zone integrated longshore transport: 
0.101rrtan^"**a 
13/10 P. 
x8/5 
- 1 r3/5 
9rtVgtangsin<9tVog, 
19 
1 + ^ .14/5 
sin^(9 
~ * 7 r7T*Jt 
2(p,+#) 
33 
2v, ^O-^^l „ 2 A + 2 3 / 1 0 , 
( 2 - 0 ) 
I O V Q ^ ' 43/ .0 
43 xl 
(3.32) 
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which can be simplified to read: 
QAOlrr tan'^''a 
g 
13/10 Ps - 1 
8/S 
'3/5 
5 rrg"'sm0, 
112 tana""" 
8 rt"i^'""'a 13/10 
H 
+ 
14/5 
^ 1 + ^ 
19 2 / r t a n - " > « 
H 9/5 
2(p ,+f) "(2p,+fi)j 
4(p,+f^Vr'»tan-"'a 
H. 
10 
33 
V(,sin^^j + 
3 n3 
4 j 
Yk tana 
p,+3/10 
( 3 p , + i f ) ( 2 p , + f ) 10 
10 V f l / I - ^ , A \ U 2 .3 
13/10 
I n tanaj 
(3.33) 
I f the beach slope is taken as being 1/20 then the value of pi in Equation (3.33) will be 2. 
This means that Equation (3.33) suggests a dependency of the sediment transport on the 
wave height at breaking of a power between approximately 1.3 and 2.8. This is on average 
higher than the power of 2 in Kamphuis's equation (1991b) but quite similar to the powers 
found in Damgaard and Soulsby's 1996 equation. It is also interesting to note that a beach 
with a shallower slope would result in a larger transport rate being predicted by Equation 
(3.33). This is contrary to Kamphuis's equation and the Damgaard and Soulsby equation 
under current dominated conditions, which both suggest an increase in transport rate for 
increasing beach slope values. However, under wave dominated conditions the Damgaard 
and Soulsby equation becomes independent of beach slope. Whilst both the Kamphuis and 
the Damgaard and Soulsby equations include the grain diameter in their prediction of the 
longshore bedload transport, neither Equation (3.16) nor Equation (3.33) has retained any 
direct influence of the grain size. This is a weakness in the new equations since it is purely 
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a result fi-om the interaction of the terms in Equation (3.12) and Equation (3,13) which 
cancel out the Dso in the final equations. 
Equation (3.33) will be validated against measured longshore shingle transport in Chapter 
8. 
3.2.3 Incorporating a variable drag coefficient for the prediction of the longshore 
current profile 
Both the magnitude and distribution of the longshore current are influenced by the drag 
coefficient Cih. Longuet-Higgins compared the performance of his formulae against 
laboratory data of Galvin and Eagleson (1965) and found that, for the most reliable data 
sets, the value of Cih varied fi-om 0.0036 to 0.012. This lead him to conclude that C /A is of 
the order 0.01. This has subsequently often been interpreted as meaning that Cih can be 
taken as being a constant. In view of the fact however that Cih is a drag coefficient this 
must be an incorrect interpretation. 
This observation was also made by Fleming and Swart (1982) who modified Longuet-
Higgins's original distribution by making the drag coefficient (which is a decisive 
parameter in the construction of the current profile distribution) dependent on bed 
roughness and beach slope within the breaker zone; 
C , , = 2 5 t a n a ' - ' ' j ^ ( 3 . 3 4 ) 
in which C/s is the drag coefficient as suggested by Fleming and Swart, tana is the beach 
slope, g is the gravitational acceleration, C„ is the Chezy roughness coefficient andy;^ is the 
wave fiiction factor as defined by Jonssen (1966). A surf zone averaged value of C/s as 
given by Equation (3.35) could then be substituted in Equation (3.23) for Cih. 
,17/20 i f w S 0 = 25tana'"^" (3.35) 
Soulsby (1994) suggested an improved formula for predicting the wave fiiction factor 
/ . = 139 
in which is the maximum orbital velocity, T is the wave period and ks is the Nikuradse 
roughness height. Integrated across the surf zone. Equation (3.36) can be reformulated to 
read: 
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^ \ -0 .52 
7 . = - [ 1.39 dx 
X . i \2nk, J Ink 
1 3 9 r \ 5 T r J g t a n a ^ 
74 
-0.52 •13/50 (3.37) 
The Chezy roughness coefficient which is defined as: 
can also be integrated across the surf zone to read: 
- 1 r 
C n = — 18l0g 
f 
= 18 log 
(3.38) 
f \ l x \ . ? ^ a \ dx 
- 1 
(3.39) 
Substituting these expressions in Equation (3.35) and subsequently in Equation (3.23) is 
hkely to give a more realistic estimate of the anticipated longshore transport. Though the 
use of averaged values for parameters such as the wave friction factor and drag coefficient 
is fundamentally flawed, as a first approximation it is likely to lead to a better estimate of 
the longshore bedload transport than the use of the mean values as suggested initially by 
Longuet-Higgins. 
In addition it is worth mentioning that although the longshore current distribution of 
Longuet-Higgins is to date still assumed to offer a realistic representation of the longshore 
current distribution, laboratory measurements on steep model beaches by amongst others 
Asano et al (1994) have shown that the longshore velocity does not die o f f to zero at the 
SWL as suggested by Longuet-Higgins but instead remains close to the measured 
maximum. However, for high values of the non dimensional parameter, Pih, the Longuet-
Higgins distribution yields a relatively uniform distribution thereby minimising 
discrepancies with measurements as those of Asano et al. 
3.3 New analytical formula for estimating bore induced bed load transport 
The formula introduced in this section for the prediction of the longshore bedload 
transport is based on a regression analysis conducted on input and output taken from the 
BORESED model (Chadwick, 1991a, b). This model consists of an unsteady flow bore 
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model for sediment transport under broken waves, focusing on the swash and surf zone. 
The model (described in more detail in Chapter 2) required calibration of only the friction 
coefficient expressed in terms of Manning's n, which was determined from long-term 
transport data gathered at Shoreham beach. At that time, no analytical expression was 
found to relate the input data for the numerical model to the predicted drift rates. 
The Kamphuis (1991b) equation was recently identified as one of the best bulk longshore 
transport equations (Kamphuis, 1991b and Schoonees, 1996). The equation, in terms of 
volumetric longshore transport, is given by: 
Q,s = "'^ tan a ° " Z J ^ " s i n " 20, (3.40) 
In view of the fact that the input parameters for this equation are the same as the principal 
input parameters for the BORESED model (i.e. wave height, wave period, wave angle, 
beach slope and grain size) the existing database of various values for the input parameters 
and the corresponding predicted drift (Table 3-1) was used as the input for an optimisation 
routine. 
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T E S T QBORESED Tz tan a D30 
[niVs] [m] [s] [] [m] n 
basic set: 1.25 4 .85 0.10 0.02 10.0 
variation of Q 0 .00009 0.25 4 .85 0.10 0.02 10.0 
with 0 .00098 0.75 4 .85 0.10 0.02 10.0 
0 .00353 1.25 4 .85 0.10 0.02 10.0 
0 .00859 1.75 4 .85 0 . 10 0.02 10.0 
0 .01520 2.25 4 .85 0 .10 0.02 10.0 
0 .02470 2.75 4 .85 0.10 0.02 10.0 
variation of Q 0 .00218 1.25 2.91 0.10 0.02 10.0 
with T^ 0 .00289 1.25 3 .88 0.10 0.02 10.0 
0 .00353 1.25 4 .85 0.10 0.02 10.0 
0.00431 1.25 5.83 0 .10 0.02 10.0 
0 .00600 1.25 7 .12 0.10 0.02 10.0 
variation of Q 0 .00182 1.25 4 .85 0 .04 0.02 10.0 
with tan a 0 .00221 1.25 4 .85 0 .06 0.02 10.0 
0 .00278 1.25 4 .85 0 .08 0.02 10.0 
0 .00353 1.25 4 .85 0.10 0.02 10.0 
0 .00450 1.25 4 .85 0 .12 0.02 10.0 
variation of Q 0 .00420 1.25 4 .85 0.10 0.01 10.0 
with D50 0 .00353 1.25 4 .85 0 .10 0 .02 10.0 
0 .00218 1.25 4 .85 0 .10 0.04 10.0 
0 .00140 1.25 4 .85 0.10 0.06 10.0 
0 .00052 1.25 4 .85 0.10 0.10 10.0 
0 .00016 1.25 4 .85 0 .10 0.14 10.0 
variation of Q 0 .00000 1.25 4 .85 0 .10 0.02 0.0 
with Gb 0 .00074 1.25 4 .85 0 .10 0.02 2.5 
0 .00153 1.25 4 .85 0 .10 0.02 5.0 
0.00244 1.25 4 .85 0.10 0.02 7.5 
0 .00353 1.25 4.85 0.10 0 .02 10.0 
0 .00488 1.25 4 .85 0.10 0.02 12.5 
0 .00656 1.25 4 .85 0.10 0.02 15.0 
0 .01120 1.25 4 .85 0 .10 0 .02 20 .0 
Table 3-1 Results of the sensitivity analysis performed on the BORESED model, 
Chadwick(1990). 
Mirroring Equation (3.40), the proposed form of the new analytical equation is: 
new sb z 50 
(3.41) 
in which is the volumetric transport rate as predicted by the new equation in terms of 
[m^/s], e is the void ratio, p and ps are water and sediment density respectively, Hsb is the 
significant wave height at breaking, Tz is the mean wave period, tana is the beach slope, 
D50 is the representative grain diameter, ^ is the wave angle at breaking. cO, cJ, c2, c3, c4 
and c5 are the coefficients that need to be determined by fitting the new equation to the 
data in Table 3-1. In essence, the procedure begins by estimating values for the six c-
coefficients and then comparing the analytically predicted transport rates to those obtained 
from the ful l numerical model. In order to do this most efficiently two matrices are 
constructed: 
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MQ BORESED 
^BORESEDX 
^BORESEDl and MQ 
new 
new\ 
new! 
newn 
(3.42) 
^ BORESED n 
of which matrix MQBORESED contains all the transport rates as predicted by the numerical 
model BORESED for the varying input conditions fi-om Table 3-1. MQ^^v obtains all the 
analytically predicted transport rates using one set of estimated c-coefficients. The 
following step takes the Euclidean norm of the difference of the two column vectors: 
'-^^''QBORESED-""Q new 
n / 
^ BORESED i ^newi 
(3.43) 
A computational program was written to optimise values for the c-coefficients using the 
simplex method in order to attempt to minimise the Euclide£m norm, /. The same initial 
values of c-coefficients used in the Kamphuis equation were used to start the regression 
routine. 
Inserting the calculated optimised values for the c-coefficients in Equation (3.41) results in: 
The transport rates predicted by Equation (3.44) provide a good fit to those predicted by the 
numerical model BORESED, as is shown in Figure 3-5. To evaluate further the goodness 
of fit, the correlation coefficient, R, and the relative standard error of estimate (Equation 
(3.45); Kamphuis et ai, 1986), a, between the two results are calculated: 
nO.5 
[ i o g e ^ ^ , - i o g e ^ ^ . J n 
a = z 
/ = 1 
n-\ 
(3.45) 
in which n is the sample size, Qp is the predicted transport rate, or in this case the 
analytically predicted transport rate and Qjj, is the measured transport rate, or in this case 
the numerically predicted transport rate. The values o f 99.69% for R and 0.20 for crindicate 
that the sediment transport predictions made by the analytical formula do not differ 
significantly fi-om the numerical results. From an engineering point of view it may 
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therefore be beneficial to use the analytical expression rather than the fu l l numerical model 
for longshore sediment transport predictions. 
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Figure 3-5 Comparison between the analytically predicted transport rates 
using Equation (3.44) and the numerical model BORESED. 
A comparison of the powers used in Equation (3.40) and Equation (3.44) is shown in Table 
3-2. 
Equation cO cl c2 c3 c4 c5 
(H,b) ( T J (tan a) ( D 5 0 ) Ob) 
Kamphuis: 2.27 2.00 1.50 0.75 -0.25 0.60 
Regression; 1.34 2.49 1.29 0.88 -0.62 1.81 
Table 3-2 Comparison of the powers used in the Kamphuis equation an the equation 
resulting from the regression analysis performed on the BORESED model. 
It can be seen that the Kamphuis equation attributes less importance to the wave height in 
terms of influence on the transport. Kamphuis (1991b) stated that the smaller sensitivity of 
his equation to the wave height corrects the criticism levelled at other expressions in that 
they tend to overpredict transport in storms. Indeed, i f shallow water conditions are 
assimied the SPM equation, for example, suggests a power dependency of the drift on the 
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wave height by a power of 2.5. This is very similar to the value of 2.49 used by Equation 
(3.44). 
A large difference can also be seen in the powers used to quantify the influence of the angle 
at wave breaking. Kamphuis (1991b) pointed out that his value of 0.6 is based purely on a 
best-fit relationship and that a better relationship between wave angle and transport rate 
may well exist. Nevertheless, he also pointed out that a power relationship of 1 as used in 
the SPM equation tends to overestimate sediment transport for larger angles of wave 
incidence. Though this may be true, most waves on steep beaches tend to break under 
relatively small angles, which would preclude this overprediction from taking place. 
However, this is also where the effect of the powers applied to the sine-term is the largest 
(see Figure 3-6). The smaller sensitivity to wave angle of Equation (3.44) is perhaps not 
unexpected since the BORESED model was based on the assumption of small wave angles 
(Chadwick, 1991a, b). This decreases the reliability of predictions for larger wave angles 
which potentially bias the outcome of the regression analysis. 
sin-"(20b): Kamphuis 1991 
sin""(2eb): Regression 
5in(29b); SPM84 
45 
Figure 3-6 Value of the sine-term in function of the wave angle at breaking 
as used in three different equations. 
Finally there is the difference in power applied to the Dso by both equations. Though 
Kamphuis's equation shows some inverse proportionality to the grain diameter, the 
exponent is small, resulting in only a moderate influence of the grain diameter. In Equation 
(3.44) this exponent is significantly higher and close to -0.5, which is the power 
relationship between sediment transport and sediment size as identified by Bagnold (1986). 
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This is perhaps not surprising since the sediment transport module of the BORESED model 
contained McDowell's (1989) equation for sediment transport, which is based on Bagnold's 
work and contained the same power relationship of -0.5 between transport and grain 
diameter. The difference between this -0.5 and -0.62 as used in the equation is a result from 
additional dependencies within the BORESED model (e.g. threshold o f motion term, drag 
coefficient) which will have influenced the outcome of the regression analysis. 
Although Equation (3.44) reliably reproduces the numerical model predictions, it no longer 
has a threshold of motion term. Consequently, whilst the numerical model may predict zero 
transport for certain combinations of wave height, wave period, bed slope, grain size and 
wave angle, the analytical model wi l l continue to predict a (small) transport rate. This may 
be negligible over a short period of time but may have more serious effects when 
extrapolated over longer periods of time. In addition, it needs to be remembered that 
although the dependencies on the key parameters as suggested by the new equation seem 
reasonable, it needs to be borne in mind that the exponents in the equation are based on a 
multi-regression analysis of a small data set of 30 points with only limited variation levels 
(see Table 3-1). 
3.4 Summary 
Two new equations for calculating the longshore transport in the surf zone of steep shingle 
beaches are put forward (Equation (3.16) and Equation (3.33)), based on the earlier work of 
Wilson (1966). Equation (3.16) uses a longshore current velocity distribution which 
ignores horizontal mixing whilst Equation (3.33) uses a mean longshore current based on a 
velocity distribution which includes the influence of horizontal mixing. In this context it is 
important to note that on shingle beaches Pih is likely to be larger than 0.15 (for a slope of 
1/20) suggesting that the maximum velocity occurs much more landward than on sand 
beaches. However, according to Longuet-Higgins the velocity wil l still die of f to zero at the 
SWL. This is not supported by measurements made by, amongst others, Asano et al. 
(1994). Though the initial aim in deriving the equations was to produce simple equations in 
order to see how the different parameters such as wave height and period interact when 
integrated across the surfzone, the complexity of the resulting equations unfortunately 
prohibits the formulation of a clear interaction pattern. 
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These two equations above, calculate the transport solely in the surf zone. In addition, an 
equation is derived based on the model input and output of the numerical model 
BORESED, which calculates the transport in both the swash and the surf zone (Equation 
(3.44)). Dependencies on the key parameters as suggested by the new equation seem 
reasonable though increased confidence would have been achieved with the availability of 
a larger and broader set of input and output from the BORESED model. 
The equations derived in this chapter wi l l be validated against measured field data in 
Chapter 8. 
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CHAPTER 4 
DEVELOPMENT OF A SWASH ZONE TRANSPORT MODEL 
4.1 Introduction 
In all mainstream engineering sediment transport models, contributions from the swash 
zone are either completely ignored or merely incorporated via a calibration coefficient 
applied to the transport model when verified against field data. The reason for this neglect 
is twofold: first of all, traditionally, this region was not thought to be capable of supporting 
any significant amount of sediment transport. This may indeed be the case on nearly flat 
fine grained beaches which are characterised by a wide surf zone and spilling breakers in 
which nearly all energy is dissipated. Under such conditions the swash zone, i f it exists at 
all, wi l l in general be very narrow and form only a very small proportion of the surf zone as 
a whole. This supposition is, however, unlikely to hold true on steeper beaches, where 
waves break by plunging or collapsing. These types of breakers often cause bores to 
develop which move landward to a point close to the Still Water Line (SWL), where they 
collapse, resulting in run-up and subsequent run-down. In these cases, the swash zone can 
form a significant part of the surf zone. In this chapter, the term swash zone wi l l refer to the 
area of the beach extending from the SWL to the maximum landward limit of the run-up. 
Free incident long waves and edge waves have also been identified as generating swash of 
considerable extent (Guza and Thornton, 1982). However, the swash motion generated by 
this type of waves has been shown to be standing in nature (Holland et al., 1995); and as 
such is unlikely to be of great significance in terms of longshore sediment transport 
(particularly in the swash) and will not be dealt with in this study. The second reason for 
the neglect of sediment transport processes in the swash zone is that it is difficult to obtain 
measurements of surface elevation, current velocities and sediment transport. This is 
because the swash zone is an extremely dynamic area and only a small cross-shore area 
landward of the breaker zone gets rapidly covered and uncovered by water at a similar 
frequency to the wave period. However, measurements of current velocities by Sunamura 
(1984), Asano et al. (1994) and, more recently, Hughes et al. (1997) and others suggest that 
there is a huge potential for sediment transport in this area. The measurements show 
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instantaneous current velocities which are capable of both initiating and maintaining 
sediment transport; for example Masselink and Hughes (1998) recorded mean uprush and 
backrush velocities of 1.17 and 1.03m/s respectively during their fieldwork. The transport 
potential of the swash zone is also reflected by transport measurements taken by Sunamura 
(1984), Bodge and Dean (1987), Kamphuis (1991) and NESSIE data collected during the 
Lancing field work (see Section 6.3.3 and Section 9.3,1). 
The highly variable nature of the swash zone makes it also very difficult, i f not impossible, 
to work with temporal and/or spatial averages, whilst maintaining a suitably high degree of 
confidence in the transport predictions. A way around this is to work on a wave-by-wave 
basis and use Non-Linear-Shallow-Water (NLSW) equations as the hydrodynamic driving 
force of the model. Such an approach was used by Chadwick (1991a, b) and Asano (1996) 
both of whom used Ryrie's (1983) implementation of the NLSW equations to predict the 
longshore motion generated on beaches by obliquely incident bores. The main drawback to 
this approach is that it requires time increments far smaller that the wave period, resulting 
in a computationally very expensive procedure. In addition, despite being computationally 
involved, neither of the two models appears to give accurate results when compared against 
measured swash zone transport data as presented by Asano (1996) and Kamphuis (1991). 
A need exists, therefore, for a computationally inexpensive model which would allow 
engineers and scientists to assess the transport in the swash zone. This chapter introduces a 
new model, STRAND, which specifically studies the Swash TRansport and Nearshore 
Dynamics. STRAND has been constructed in a modular format and is computationally 
inexpensive to run. It also has the added advantage of facilitating introduction of new 
processes in the ftiture. Figure 4-1 gives a flow chart of the STRAND model. 
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Figure 4-1 Flow chart of the STRAND model including references to the 
relevant sections in thesis (shaded section is an optional module). 
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4.2 Model boundaries and input 
The boundaries of the model (disregarding the calculations between the outer boundary of 
wave breaking and the initiation of bore collapse at the SWL) can be split up into 
boundaries in the time domain and those in the spatial domain. The time frame of the 
model extends from when the bore collapses at the SWL (= time zero) to the end of the 
swash event, at which point the moving shoreline reoccupies its initial cross-shore position 
SWL) or when a new bore arrives (= time of swash event). In the spatial domain the 
model is limited only in the horizontal plane. In the cross-shore direction the seaward 
boundary is the initial SWL and to landward the maximum swash uprush. In the alongshore 
direction, the model starts from an arbitrary initial point on the SWL with alongshore co-
ordinate (0,0) and is terminated at the maximum achievable alongshore translation of the 
SWL within the lime frame of the swash event. The sign convention used in the model is 
given in Figure 4-2. 
The parameters used by the STRAND model consist of the root-mean-square wave height 
at breaking (Hrmsbr) and the breaking angle associated with it ( f t ) , the peak wave period 
{Tp), the beach slope {tana), the fifty and ninety percentile grain size {D50 and D90) and the 
natural angle of repose of the bed material ( ^ and the density of the solids and the fluid (/?, 
and p). In addition to these input parameters which describe the physical properties for 
which the model is run, the outcome of the model is also influenced by some additional 
switches set by the user which determine the calculation procedures followed, for example, 
how to calculate the evolution of the swash lens etc. The existence of these switches wil l 
become apparent in the following sections and is therefore not discussed here. 
The following sections discuss in detail the major steps and assumptions made within the 
modules of the STRAND model using the flow chart of Figure 4-1 as a guide. The 
calculations performed within the model can be broadly subdivided in two groups. The first 
group concentrates on the hydrodynamics (Section 4.3) whilst the second group uses the 
results from the first group in the sediment transport-related calculations (Section 4.4). 
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4.3 Hydrodynamics 
The hydrodynamics are modelled from the breaker zone to the point o f maximum uprush 
during a swash event. Groundwater seepage velocity can be taken into account by the 
model but the potential influence of a net-longshore current has been neglected by the 
model at this stage. The existence of such a non-wave induced current would influence the 
refraction pattern. Although methods for dealing with this interaction are available 
(Jonsson and Skovgaard, 1978) they have not been implemented here since they would 
require knowledge of the current field across the surf zone. This type of data is mostly 
unavailable and therefore the inclusion of wave/current interaction was not deemed 
beneficial to the model at present. 
4.3.1 Transformation of wave parameters from the point of wave breaking to the 
S W L 
The wave conditions at the breaker line form the boundary conditions of the surf zone 
which wi l l subsequently determine the conditions at the shoreline. These, in turn, wil l 
ultimately determine the hydrodynamics in the swash zone and hence the sediment 
transport in the swash zone. The initial input parameter is the wave height at breaking. This 
is transformed to the SWL (which is taken to be equivalent to the shoreline). Most wave 
transformation models assume that all incoming wave energy is frilly dissipated through the 
surf zone resulting in zero wave height at the SWL. This may be true for coastal areas with 
low beach angles, but it is rarely the case on steep beaches where the surf zone is often 
relatively narrow and the wave energy rarely has the time to be fully dissipated (List, 1991 
and Baldock el al, 1998). The inner surf zone is said therefore to be unsaturated (local 
wave heights are dependent on the incident wave heights). The result is that turbulent bores 
develop and travel up the beach to the SWL, where they collapse resulting in swash 
motion. 
Parametric models used to calculate the time-averaged wave height evolution through the 
surf zone assume the existence of an energy flux balance across the surf zone. This 
assumption results in: 
i s ) - ^ (4.1) 
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where E is the wave energy, Cg is the wave group velocity and (e) is the time-averaged 
energy dissipation due to broken waves and frictional losses at the bed. Integrating 
Equation (4.1) across the surf zone on steep beach produces a residual wave energy when 
applied at the SWL. The energy dissipation rate is determined by applying a bore model 
(LeMehaute, 1962), using the time-averaged rate of energy dissipation according to the 
methods o f Stoker (1957) and Battjes and Janssen (1978): 
p 
where 5 is a constant of the order one i f the model is accurate, p is the fluid density, g is 
the gravitational acceleration, H is the wave height, d is the water depth and Q\, is the 
fraction of all waves in the wave spectrum which is being transformed inshore that are 
breaking. The equation is valid for use with entire wave spectra where waves can be 
transformed in using a measured wave height or an assumed spectrum probability density 
function (e.g. JONSWAP spectrum, Raleigh distribution, etc.). For speed of calculation 
STRAND uses the root mean square wave height at breaking and the wave peak period to 
represent the hydrodynamic conditions and therefore takes Qi, to be equal to unity and thus 
represents the entire wave spectrum by a single regular wave. Using Battjes and Jemssen 
(1978) would result in zero bore height unless the limiting wave height is switched o f f 
(Baldock et aL, 1998). The relationship between the limiting wave height and the depth at 
any location can be taken as being similar to the breeiking criteria: 
n-f (4.3) 
where >^  is a constant of the order of 0.78. Though this value has been used almost 
unanimously by researchers as the limiting wave condition within the surf zone {e.g. 
Damgaard and Soulsby, 1996) it wil l result in unrealistically low bores. Laboratory 
experiments have shown bores to exist within the surf zone in water depths equal to their 
height (Baldock et al., 1998). Therefore, in order to allow higher bores to develop a value 
of one is used for this parameter. 
Laboratory observations by van Hijum and Pilarczyk (1982) and Asano et al. (1994) and 
field observations of Bodge (1986), Walker et al, (1991) and from field sites used for the 
present research project clearly show that non-spilling waves breaking at an angle with the 
shoreline tend to result in bores at the SWL. These retain a residual wave angle. Snell's 
Law implies that the wave fronts tend to align themselves with the underwater contours as 
a wave approaches the shoreline. As the depth ultimately reduces to zero there would be no 
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residual wave angle at the SWL. This is however not the case. Snell's Law assumes an 
instantaneous adjustment of the wave orientation in response to changes in bed contour. In 
reality there wil l be a delay in the refraction process which wil l result in a residual wave 
angle at the SWL. hi order to simulate this behaviour, the zero water depth at the SWL is 
artificially increased by half the bore height. This artificial increase is backtracked across 
the surf zone so that at the point o f wave breaking the water depth is increased by half the 
breaking wave height. This artificial deepening of the surf zone wi l l simulate the time lag 
introduced by the refraction process and prevent the predicted wave direction from 
prematurely reducing to zero. 
4.3.2 Calculation of swash tip properties 
When the bore collapses at the SWL, a rapid conversion of potential energy to kinetic 
energy (disregarding heat and sound) lakes place. This conversion is associated with a 
gravity controlled acceleration of the fluid velocity at the bore front. TTie determination of 
this initial velocity for the model is crucial since it sets up the initial conditions for the fluid 
velocity field that wi l l develop from thereon. 
Luccio et al. (1998), studied the motion of cobbles in the swash zone on an impermeable 
slope in a series of laboratory experiments in a flume with a dam-break mechanism to 
simulate turbulent bores. Using the classical solution to the dam-break problem as derived 
by Ritter in 1892 (Whitham, 1974) Luccio et al. suggested that the initial fluid velocity can 
be approximated by: 
^,=C4gH, (4.4) 
where WQ is the initial velocity, g is the gravitational acceleration, HQ is the initial bore 
height at collapse and C is a proportionality coefficient. The laboratory findings of Luccio 
et al. suggested a value for C o f the order 1.5. Equation (4.4), in essence, equates the 
kinetic energy after the collapse to the potential energy before the collapse. However, since 
the theory was originally developed for the dam-break problem, it does not incorporate 
bore evolution but instead assumes a parabolic shape of the water surface in the shoreward 
direction. The laboratory methods employed by Luccio et al also represent the theoretical 
description of the dam-break problem rather than true beach conditions. Yeh and Ghazali 
(1986, 1988) demonstrated the detailed transition process of a bore near the SWL. Yeh and 
Ghazali found that the transition process involved a momentum exchange between the bore 
and the small wedge-shaped water body along the SWL rather than a straight forward bore 
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collapse. They drew the analogy between this process and a collision between two bodies; a 
fast moving mass (i.e. the bore) and a small stationary mass (i.e. the small mass of water 
making up a wedge-shaped body just in front of the SWL), Yeh et al. (1989) used a similar 
laboratory experiment as Luccio et ai. (1998) but used a small initial water depth 
shoreward of the dam and did not use the water depth behind the dam as being the initial 
bore height. Instead the bore height was measured using a laser as the bore approached the 
SWL. Yeh et al. (1989) found C to be of the order of 2, Based on laboratory experiments 
using paddle generated waves, Baldock and Holmes (1997) found the value of 2 to be a 
reasonable estimate, with the actual laboratory calibration producing a value of 1.8. Since 
the experiments by Yeh and Ghazali appear to match prototype conditions most closely, 
STRAND uses a value of 2 for the formulation of the initial velocity at bore collapse, 
though this value can be increased or decreased by the model user. The retention of C as a 
variable is a useftil tool since it allows for the inclusion of frictional effects in an 
uncomplicated way. 
Assuming that a velocity vector at the point of bore collapse (of which Wo is the scalar) has 
some a residual angle with reference to the SWL, the initial velocity can be decomposed 
into a cross-shore {(Jo) and an alongshore component {Vo) (see Figure 4-2 for sign 
convention): 
U^=PV,sin/3 (4.5) 
Field data by Hughes (1992) suggests that an accurate description of the cross-shore 
shoreline position during the uprush on a steep sand beach through time is given by Shen 
and Meyer (1963). Using the convention as given in Figure 4-2 and the decomposition as 
given by Equation (4.5) it is then possible from Shen and Meyer (1963) to formulate the 
parabolic equation to describe the shoreline position through time {Xs) in the cross-shore 
direction: 
X^=U^t-^gt^sina (4.6) 
and the alongshore translation {Ys): 
K = (4-7) 
where / represents time. It is worth noting here that the above two equations are general 
parabolic equations which ignore any influence of, for example, fiiction on the predicted 
80 
Chapter 4 Swash Transport Model 
SWL trajectory. A reduction in the value of C can, however, be used as a first 
approximation to access the influence of increased friction. 
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Figure 4-2 Definition sketch and convention as used in the STRAND 
model. 
The next stage is to determine whether swash interaction wi l l occur. In order to see whether 
this is the case, the natural swash period (Ts) needs to be calculated. This is given as: 
gsma 
(4.8) 
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in which 7; is the natural swash period. Wo is the velocity at bore collapse, g is the 
gravitational acceleration and a is the beach slope angle. A swash period longer than the 
wave period may result in part of the backwash of the swash being suppressed by the new 
incoming bore. The model assumes that i f such interaction occurs all the ongoing 
hydrodynamics associated with the previous bore are instantaneously replaced by those of 
the new bore. Though this might be seen as an oversimplification of the hydrodynamics 
taking place under swash conditions, measurements presented by Baldock and Holmes 
(1997) of the cross-shore velocity near the SWL appear to suggest that this simplification is 
not unrealistic. In time a swash event is therefore limited by either the wave period or the 
swash period. The spatial longshore and cross-shore boundaries of the model are found by 
substitution of half the natural swash period and the natural swash period in Equation (4.6) 
and Equation (4.7). These wil l give respectively the maximum extent of the run-up and the 
alongshore translation during one ful l undisturbed swash cycle'. Once these spatial and 
temporal boundaries are known, a simple finite difference grid covering the entire swash 
event is set up. 
The next stage is to calculate the cross-shore and longshore velocity at the swash lens tip. 
In addition to the assumption of frictionless climb and descent of the swash tip, it is 
assumed that the fluid at the actual swash tip and the trajectory of the SWL are 
characterised by the same velocity vector. The velocity of the swash lens tip is given from 
Equation (4.6) and Equation (4.7): 
u^=U^-gtsina (4.9) 
and 
v , = K , (4.10) 
for the cross-shore and longshore component respectively. For each point on the trajectory 
of the swash tip, Equation (4.9) and Equation (4.10) are combined to find the scalar of the 
shoreline velocity, w ,^ by: 
(4-11) 
The angle between the velocity vector and the SWL, Xj» is: 
tan; ' , (4.12) 
At this point all the properties at the swash lens tip in the horizontal plane are known. The 
next step lies in determining the profile of the swash lens through space and time. 
' If the wave period is shorter than the natural swash period it may be necessary to use the wave period to find the 
alongshore translation of the swash. 
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4.3.3 Swash lens profile evolution 
Though Shen and Meyer's approach was found to give good estimates of the shoreline 
position through time, Hughes (1992) also pointed out that the swash lens profile, or water 
depth evolution in the swash (d), as given by Shen and Meyer (1963) tends to overestimate 
significantly the depth o f the swash lens. In addition, Baldock and Holmes (1997) observed 
the swash lens profile to be convex rather than concave, as postulated by Shen and Meyer 
(1963). Baldock and Holmes (1997) put forward the following physical constraints to 
which the swash lens profile evolution over space and time should adhere: 
/ ) {X^-x) = 0 .-- d = 0 
/ / ) {X^-x)=X^,t = 0 d=H, 
Hi) {X^-x)=X^,t = T^ .'. d = 0 
where Xg is the shoreline position through time, x is a cross-shore position, d is the swash 
depth at x, / is time. Ho is the bore height at collapse and Ts is the natural swash period. 
Taking these constraints into account, Baldock and Holmes (1997) suggested the following 
non-dimensional shape function for the swash lens profile evolution through time and 
space: 
V l ^ o (4.13) 
Based on laboratory experiments Baldock and Holmes (1997) suggested the values of 0.75 
and 2 for a and h respectively. It is however reasonable to assume that since a and b control 
the shape of the profile and the speed with which it decays, they are likely to vary slightly 
with such parameters as beach slope, fi-iction and permeability. Since no firm data exists to 
ftirther quantify this potential influence STRAND uses 0.75 and 2 as its default values. 
4.3.4 Velocity magnitude and orientation through the swash 
In order to calculate the velocity vector and its orientation at each point through the swash, 
the instantaneous location of the SWL and the swash lens tip together with the velocity 
vectors at those locations need to be known. The initial position of the SWL is fixed and 
Section 4.3.2 saw the calculation of the swash lens tip position and its velocity vector 
through time. This leaves the instantaneous velocity components at the original SWL to be 
determined. However, finding the depth-averaged velocity at the original SWL and at any 
point in the swash is far from trivial. This is hampered further by the general lack of 
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velocity measurements in the swash zone both under prototype and laboratory conditions 
on which to base such calculations. The model incorporates six different methods of 
calculating the depth averaged cross-shore velocity component at the SWL. The first four 
methods are based on a straightforward mass conservation assumption throughout a swash 
event. Integrating two swash profiles, given by Equation (4.13), separated by one time step 
across their respective cross-shore extent results in a residual swash volume. This method 
can be used at each point of the SWL, or at each point within the swash, to find the 
required cross-shore fluid velocity component to account for the change in swash volume 
at each time step. As pointed out by Baldock and Holmes (1997), the velocity found is 
likely to be an underestimate of the true fluid velocity near the bed since the bore is 
collapsing during the uprush. They suggested considering only the change in swash volume 
below a certain depth, z, given by: 
z = 4 x , / ) - ^ (4.14) 
where Xsmax is the maximum uprush distance. However, using a mass conservation criterion 
in combination with Equation (4.14) is likely to result in overestimates of the swash fluid 
velocity on the downrush, since the swash lens is characterised by a fast reduction in height 
at the SWL through which all the receding water needs to be evacuated. An additional 
physical constraint is that when the swash lens tip reaches the SWL, either on the uprush or 
the downrush, the fluid velocity should approximate the shoreline speed. In order to try and 
accommodate this constraint and to see how sensitive the fluid velocity at the SWL is to 
the use of different upper boundaries being used in combination with the finite difference 
scheme, the following four upper boundaries where used for calculating the volume change 
under the swash over each time step: 
• use a mean z throughout the swash event over each time step 
• use a mean z up to the point in time where Xsmax is reached and continue by using the 
maximum value of z from then onwards over each time step 
• use a mean z up to the point in time where Xsnua is reached and continue by using the 
mean d from then onwards over each time step 
• use a mean z up to the point in time where Xsmnx is reached and continue by using the 
maximum value of d from then onwards over each time step 
A fifth method relies on laboratory observations of the cross-shore velocity at the SWL by 
Baldock and Holmes (1997). Based on their laboratory observations, a linear distribution of 
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the cross-shore fluid velocity vector at the SWL is put forward here. From the observations 
it would seem that the fluid velocity indeed goes from the bore up-rush velocity (positive) 
at the beginning to the bore back-rush velocity (negative) at the end o f the swash event. 
The point where the cross-shore velocity is zero appears to be at around 30% of the natural 
swash period, from the beginning of the swash event. These three points are cormected by 
two lines representing a linear relationship between time and cross-shore fluid velocity. 
The final method which can be applied by the model relies on data published by Larson 
and Sunamura (1993). Using flow visualisation techniques they measured the celerity at the 
SWL over a swash event. In this work Larson and Sunamura's data is used to derive a 
nondimensional distribution curve shown in Figure 4-3. Time is normalised relative to the 
natural swash period and the cross-shore velocity component is normalised against the 
cross-shore swash velocity at the point of bore collapse. 
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Figure 4-3 Evolution of the cross-shore velocity component through the 
swash event. 
A second order polynomial fitted to the data in Figure 4-3 is given by the following 
equation: 
M' = 3.4425-I0-'r-23338 10-*'/' +94.4861 
where u' is the cross-shore velocity [%] normalised between zero and the maximum cross-
shore velocity component during the swash event; and / ' is time [%] normalised between 
time zero and the natural swash period. It is worth noting that Equation (4.15) gives very 
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similar results to using a straight line between the velocity at the beginning of the swash 
and the velocity at the end of the swash. This velocity distribution would have a of 
98.91 percent associated with it and given the uncertmnty associated with swash 
measurements would be equally valid. 
hi conclusion, the model gives the user a choice out of the following six methods of 
calculating cross-shore velocity distribution Table 4-1: 
Summary of method Abbreviation used in later sections 
use a mean z throughout the swash event over each time step 
use a mean z up to the point in time where X^j^aa is reached and 
continue by using the maximum value of z from then onwards 
over each time step 
use a mean z up to the point in lime where Xsmta is reached and 
continue by using the mean d from then onwards over each lime 
step 
use a mean z up to the point in time where JG^n is reached and 
continue by using the maximum value of d from then onwards 
over each time step 
use a linear distribution of the cross-shore velocity based on 
laboratory observations of Baldock and Holmes (1997) 
use a distribution of the cross-shore velocity based on laboratory 
observations of Larson and Sunamura (1993) 
mean z 
mean z and max z 
mean z and mean d 
• mean z and max d 
30/70 lab observation 
Larson and Sunamura (1993) 
Table 4-1 Methods used to calculate the cross-shore velocity distribution at the SWL. 
The influence of each of these methods on the model results is discussed in the sensitivity 
analyses under Section 4.5.3. 
Given that the longshore velocity component is known and is considered to be constant at 
each point at the SWL (Equation (4.5) and Equation (4.7)), the total velocity vector at each 
point on the SWL can be calculated using Equation (4.11) and Equation (4.12). The default 
method used to describe the cross-shore velocity distribution in the model is the Larson 
and Sunamura 93 method. 
Once the boundary conditions are known, a finite difference scheme based on the 
conservation of mass can be introduced to find the velocity vector at each point in the 
swash, similar to the four initial methods used to determine the fluid velocity at the SWL. 
However, since it is assumed that there are no additional forces at work in the swash, the 
longshore velocity component is taken as being constant through the swash (see Equation 
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(4.10)), a computationally economical approach is to determine the velocity vector angle 
with the SWL at each time step at each cross-shore position in the swash, yx, using: 
^ ^ tanr - t a n y „ ^ _ ^ ^ ^ ^ ^ ^^^^^ 
where tanyx, is the instantaneous angle between the velocity vector and the SWL at location 
X, subscript SWL denotes values taken at the initial position of the SWL and subscript s 
denotes values taken at the present cross-shore location of the moving shoreline. Once this 
angle, tanyx, is known it is possible to infer the cross-shore velocity component, u^, and the 
total velocity vector using Equation (4.12) . The instantaneous value of tanyswu and 
therefore of tanyx, is dependent on which method is used to calculate the velocity at the 
SWL (see Table 4-1). 
4,3.5 Seepage velocity 
Beach permeability and the seepage velocity connected with it has been identified as being 
potentially very important in the process of profile development on coarse grained beaches 
(Powell, 1990; Damgaard et al., 1996). Although this is true, it is unlikely to be of great 
importance in the outer surf zone where sediment is constantly totally saturated. Since in 
the swash zone of coarse grained beaches saturation is unlikely to occur for any significant 
length of time and since at the same time the swash zone is characterised by a highly 
variable covering and uncovering with different water depths, beach permeability is 
possibly of greater importance in this zone. Seepage flow in the swash zone of the beach 
has a potentially important influence on the sediment transport process on coarse grained 
beaches by reducing the shear stress on the seabed during the uprush due, to the sinking of 
the swash and potentially increasing the forcing on the seabed during the backrush. 
Loveless et al. (1996) suggested that fine sediments are ejected from the bed in the swash 
just in front of the collapsing waves by a winnowing-like process under the influence of 
high hydraulic gradients acting on the beach face, which is then effectively fluidised 
resulting in a size segregation of the beach sediment. At present even a basic knowledge of 
the processes of infiltration and exfiltration on natural beaches and their respective 
influence on transport is poorly understood (Turner and Leatherman, 1997). Nielsen (1992) 
identifies the unresolved complexity of the infiltration/exfiltration seepage as a main reason 
for not being able to quantify accurately the sediment transport in the swash zone. 
Rather than trying to attempt to incorporate a computationally expensive groundwater flow 
module which simulates the water flow in and out of the beach face (but is unlikely to 
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produce prototype-realistic results) a more pragmatic approach is taken. The hydraulic 
conductivity, K, of the beach face is calculated using a fourth order polynomial which 
relates the representative grain size, D, to the hydraulic conductivity: 
/«: = 10' - 4 -10' +10^ - 0.2255D + 0.0002 (4.17) 
The data taken for this curve-fit is based on work fi-om Landon (1991) who published 
hydraulic conductivity rates for various grain sizes. It needs to be remembered that the 
points in Figure 4-4 were obtained after considerable averaging, since the determination of 
the hydraulic conductivity of natural sediment is prone to significant variability. 
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Figure 4-4 Hydraulic conductivity in ftmction of grain size, after Landon (1991). 
The hydraulic gradient, /, is the difference in head over the distance between the 
observation points (Equation (2.5) / = dh/dz). Under swash conditions the dominant change 
in head will be mostly due to the swash motion; therefore it is reasonable to assume that 
the vertical hydraulic gradient and therefore the infiltration wi l l be proportional to the 
instantaneous swash depth. Based on this assumption the following equation is put 
forward: 
I=C,d{t,x) (4.18) 
where C/ is a proportionality coefficient and d is the instantaneous swash depth as a 
ftmction of time, /, and cross-shore location, x. In coarse grained material the swash depth 
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is likely to contribute fully to the change in head and wi l l be near instantaneous in its 
effect; as such C/ is likely to be of the order o f - Im '* . 
It needs to be stressed that Equation (4.18) is an extreme simplification since little is 
known about the dependency of the hydraulic gradient on swash depth itself and other 
environmental parEuneters. Due to the lack of a suitable equation most studies involving 
ground water flow tend to get the hydraulic gradient straight from measurements (e.g. 
Baird et al., 1997). The chosen simplification immediately determines that the model will 
only have infiltration and wil l never incur exfiltration. However, exfiltration is unlikely to 
occur above the SWL position on beaches made up of shingle size material. 
The bulk seepage velocity, VB, is then found using Darcy's Law: 
VB^KJ (4.19) 
The varying seepage flow velocity though the swash event can be taken into account by the 
model for calculating the sediment transport rate in the relevant subsequent section (see 
Equation (4.31). 
It is noted here that the application of Darcy's Law implies the assumption of laminar flow 
between the individual sediment grains. Theoretically, this Law is valid only for grain sizes 
smaller than 0.001m. For larger grain sizes the flow is likely to become turbulent and 
Forchheimer's non-linear equation is more suitable: 
I = a,V,+b,V^ (4.20) 
in which a/ and b/ are functions of porosity, grain shape, packing, orientation and grading 
(Soulsby, 1997). However, there exists little correlation between Equation (4.20) and the 
limited data available (Soulsby, 1997) and accordingly Darcy's Law is used in the model 
for all grain sizes. Further information on the potential use of Forchheimer's equation is 
given in Appendix D. 
4.4 Sediment dynamics 
Given the highly dynamic nature of the swash zone, it is difficult to say with any degree of 
certainty under what mode of transport sediment movement takes place. Nevertheless, it is 
pivotal in the calculation of the sediment transport. From field observations made by Horn 
and Mason (1994) on sand beaches, it would seem that sediment transport on the uprush 
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lakes place as a combination of bedload and suspended load, whilst on the backrush 
bedload is the dominant mode of transport. Such observations are, however, difficult to 
take as a definitive distinction between the actual suspended load and bedload since the 
distinction is often made as a result from the measuring techniques employed rather than 
the underiying physics (Masselink and Hughes, 1998). Hughes et al. (1997) indicated that 
transport in the swash generally occurs under sheet flow conditions. This however does not 
remove the problem of mode differentiation since there is considerable disagreement 
regarding the dominating mode of transport under sheet flow conditions (e.g. Bagnold, 
1966; Wilson 1987; Nielsen, 1992). 
In order for the model to be as universally valid as possible, the sediment transport is 
calculated based on the assumption of bedload and sheetflow transport to comply with the 
existing observations. Sediment transport prediction is conducted in combination with a 
threshold of motion term to ensure continued validity for the larger grain sizes. The 
methods applied are physics-based so that they can be readily extended as knowledge 
progresses. In addition the sediment transport process at each point in the swash is dealt 
with as a vector quantity and results are only decomposed into cross- and longshore at the 
end of the calculations. 
4.4.1 Calculation of the swash generated Shields parameter 
The model assumes all transport to be a fionction of the Shields parameter, which is taken 
to be a function of the shear stress at the bed (the potential presence of suspended sediment 
transport is ignored). The Shields parameter, 0, is given by: 
0 ^ ^ - ^ - ^ (4.21) 
gp -\ D 
^P J 
in which r is the total shear stress at the bed, p is the fluid density, is the density of the 
sediment and D is the representative grain size. STRAND uses the f i f ty percentile grain 
size {D50) as being the representative grain size. 
The model allows the user to make a choice from six different calculation procedures to 
find the shear stress at the bed, based on the assumptions made by the user. Deciding which 
procedure to use is, however, very difficult to do with a high degree o f confidence, given 
the highly dynamic nature of the swash zone and the limited availability of quality data on 
which to base such a decision. The first calculation option assumes that the instantaneous 
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depth-averaged velocity can be used rather than the near bed velocity. Given the fact that 
for a lot of the time the swash lens profile wil l be very thin and potentially highly turbulent, 
this may be a valid course to adopt. In this case the shear stress at the bed is given by: 
r =pC,w' (4.22) 
in which r is the total shear stress at the bed, p is the fluid density, the drag coefficient 
(Cd) is assumed to be unity and w is the depth-averaged velocity. Note that so large a drag 
coefficient is likely to result in very large transport predictions. Alternatively it is possible 
to relate the drag coefficient and thus the shear stress to Manning's ti as suggested by 
Packwood (1980). Packwood artificially increased Manning's nhy a factor of 3 to increase 
agreement with measured data. Chadwick (1991a, b) in the BORESED model increased 
Manning's « by a factor of 2.7 to match predicted longshore shingle transport rates with 
measured quantities. Manning's n can be expressed in terms of the Nikuradse roughness. 
Several expressions have been proposed for the relationship between the grain size and the 
Nikuradse roughness (Sleath, 1984; van Rijn, 1993 and Soulsby, 1997). The version used 
here is that which ignores the presence of any bed forms: 
= 3D^ (4.23) 
in which ks is the Nikuradse roughness and Dgo is the grain diameter for which 90 percent 
of the sediment population is smaller. Manning's n is then found by: 
" A / =c^0.04V^r (4-24) 
in which is Manning's n and C„M the factor of 2.7. From Manning's equation it then 
follows that: 
T =p (4.25) 
in which d is the instantaneous water depth. In order to be consistent with their earlier 
work, Masselink and Hughes (1998) used: 
r =p^w' (4.26) 
in which fs is the friction coefficient for oscillatory flow for the calculation of the bed 
shear stress according to Swart (1974). Swan's friction coefficient is given by: 
/ ,=exp 5.213fl^^ 
I a ) 
0.194 
-5.977 (4.27) 
in which a is the peak wave orbital excursion given by: 
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where T is the wave period and \vis the peak flow velocity. Masselink and Hughes 
acknowledged however that the equation proposed by Wilson (1989) is likely to be more 
suited to swash zone conditions since it is aimed specifically at sheet flow conditions. 
STRAND therefore gives the option to use Wilson's ftiction factor (/i^ ^?) by iteratively 
solving: 
2Q7t a 12 
exp 
V P / 
•0.4 
w89 
(4.29) 
/ t f 8 9 
It is interesting to note that apart from the solids density, Equation (4.29) does not use any 
particle properties such as a representative particle size to calculate the friction coefficient. 
The final expression for the bed shear stress uses Hughes (1995) friction factor: 
r = p ^ w ^ (4.30) 
where the friction factor /H is of the order of 0.1. A great deal of scatter is evident in the 
data used to infer the value for the friction factor. Though some of the scatter can be 
explained by measurement errors, it is clear that turbulence effects generated during bore 
collapse, possible swash infiltration and unsteady flow effects have a detrimental influence 
on the accurate determination of the friction factor. As a result, the suggested value for fy 
should be used with extreme caution. In addition, it is worth pointing out that t h a t f y was 
determined on a sandy beach using only swash uprush data. 
The final option for calculating the Shields parameter takes into account the influence of 
water infiltration/exfiltration through the bed. The potential influence of water 
infiltration/exfiltration on swash asymmetry (Grant, 1948), effective weight alteration of 
the beach surface sediment (Nielsen, 1992) and shear stresses at the bed (Sleath, 1984; 
Quick and Dyksterhuis, 1994) have been recognised for some considerable time. However, 
as yet no quantitative relationship between infiltration/exfiltration and increased/decreased 
sediment transport has been put forward. This is mainly due to the unresolved complexity 
of the infiltration/exfiltration seepage (Nielsen, 1992). Turner and Nielsen (1997) noted 
that rather than rapid water table fluctuations within the beach face being associated with 
an increase in sediment mobility the opposite may even be the case. There exist however 
no firm data sets which warrant a definitive quantification of the processes associated with 
beach face seepage. On coarse grained beaches infiltration is likely to be of more 
importance than exfiltration. Even in such cases, there is no straightforward way to assess 
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the impact of the beach permeability and the infiltration associated with it. Though the 
vertically downward force of the infiltrating water wil l have a stabilising effect on the 
sediment, at the same time the infiltration wil l cause a thinning of the bottom boundary 
layer causing an increase in the shear stress at the bed. Nielsen (1997) puts forward a 
revised Shields parameter which incorporates these two opposing effects. Based on work 
by Martin (1970) which investigates the effect of a porous sand bed on incipient sediment 
motion, Nielsen (1997) puts forward the following revised equation: 
V p 2KJ 
where as is a proportionality coefficient of the order of 10 (Nielsen, per^. comms.), V/ is the 
seepage velocity (negative signifies infiltration, positive signifies exfiltration in this work), 
\v*o is the near bed shear velocity without seepage given by: 
> v . o = V ^ X (4.32) 
The seepage velocity can be approximated by that found in Equation (4.19) from Darcy's 
Law. The numerator of the revised Shields parameter in Equation (4.31) increases with a 
corresponding thinning boundary layer whilst the denominator increases due to infiltration 
drag on the particles. It is interesting to note that fixed sediment density, decreasing grain 
size and corresponding decreasing K wi l l result in the dominance of the stabilising effect 
whilst for sediment sizes with a much larger K the effect on the numerator may be the 
dominant factor resulting in the net effect o f infiltration to be destabilising. This may be of 
special importance on shingle beaches. 
In conclusion, the choice of the following six methods is available for the calculation of the 
Shields parameter (Table 4-2): 
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Summary of method Abbreviation used in later sections 
• use a depth-averaged velocity, w, in combination with a drag 
coefficient equal to unity 
• use Manning's n to formulate a depth dependent drag coefficient 
• use a drag coefficient as formulated by Swart 
• use a drag coefficient for oscillatory flow as formulated by 
Wilson 
• use a constant coefficient as determined by Hughes from field 
data 
• use an expression for the Shields parameter which takes the 
influence of beach permeability into account 
• mean w 
• Manning's n 
• Swart 74 
• Wilson 89 
• Hughes 95 
• Nielsen 97 
Table 4-2 Methods used to calculate the Shields parameter, 
Nielsen does highlight the fact that Equation (4.31) should only be used as an indication 
rather than a quantitative reflection of the seepage influence. Apart from the uncertainties 
as a result of the complex nature of seepage there is the fact that Martin's experiments were 
all based on flow experiments in circular pipes which are likely to be significantly different 
from actual swash zone conditions. In view of this high degree of uncertainty and the 
shallow depths involved in swash events STRAND uses the depth averaged velocity as 
being the shear velocity to be used in Equation (4.31). 
Given the fact that for a lot of the time the swash lens profile wil l be very thin, potentially 
highly turbulent and virtually no data is available to access its validity, the Nielsen 97 
method appears to be overly complex to further our understanding of the swash generated 
transport. STRAND therefore opts to calculate the depth-averaged velocity using Larson 
and Sunamura 93 combined with the IVilson 89 expression for the friction coefficient in 
combination with the traditional description of the Shields parameter. 
4.4.2 Calculation of the critical Shields parameter 
In order to make the model valid across a wide range of grain sizes, a threshold of motion 
critera needs to be incorporated. The model incorporates such a threshold of motion term 
using the equations put forward by Soulsby and Whitehouse (1997) who extended the work 
of Shields (1936). Soulsby and Whitehouse suggested a simple analytical equation to 
calculate the critical Shields parameter, Ocr, based on an extensive data set of threshold 
conditions under waves, currents and waves combined with currents: 
0.24 
<9„ = + 0.055[l - exp(-0.020A) 
in which D* is the non-dimensional grain size given by: 
(4.33) 
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^ (434) 
V 
where i^is the kinematic viscosity of water given by: 
v' = — - ^ 1 0 - ' (4.35) 
20 + 7; 
in which T,, is the water temperature in degrees Celsius. For fine grain sizes Equation 
(4.33) strongly overpredicts the existing data. At the same time Bagnold (1946) pointed out 
that Ocr can not exceed the value of 0.30 as this would suggest a force sufficiently high 
enough to overcome the immersed weight of all the grains in the top layer. Therefore 
Soulsby and Whitehouse suggested that for grains smaller than 0.0002m Equation (4.33) 
should be replaced by: 
0^^ = + 0.055[l - exp(-0.020D.)] (4.36) 
1 +1.2 
Though this is well below the expected representative grain sizes as found on shingle 
beaches it is included here for reasons of completion. 
It needs to be noted that the above equations all assume a non-sloping bed. The presence 
of beach slope in the swash zone is taken into account using the adjustment to the critical 
Shields parameter as suggested by Soulsby and Whitehouse (1997): 
cosi;^ sina + -v/cos^  a tan^S-sin^u/ sin^ a 
= — tan^ ^ ' - ' ' ^ 
where is the critical Shields parameter on the slope, t^\s the angle of the fluid velocity 
vector relative to the fall line on the slope (with ^ = 0/180** signifying a current running 
longitudinally up/down a slope and y/= ±90° signifying a current running laterally along a 
slope), a is the beach slope and ^ is the angle of repose. 
4.4.3 Calculation of the swash generated volumetric transport rate 
hi order to use a method which is likely to realistically represent the transport through as 
much of the swash as possible, preference was given to implementing the recently derived 
expression of Nielsen (1992) for bedload transport. Nielsen's (1992) expression relates the 
dimensionless bedload transport rate,0, to the Shields parameters as: 
0 = 12^/0(0-9,,) (4.38) 
95 
Chapter 4 Swash Transport Model 
The dimensionless bedload transport rate can be converted into a volumetric bedload 
transport rate per unit width {qt) by means of: 
3 ^ - 1 (4.39) 
Nielsen's (1992) expression is essentially a best fit line to a wide database containing 
bedload transport rates for various grain sizes and bed shear stresses. Equation (4,38) was 
later independently derived by Soulsby (1997) using sheet f low theory and experiments. 
This dual validity gives it the best agreement with field observations relating to the mode 
of transport in swash conditions (Horn and Mason, 1994; Masselink and Hughes, 1998). 
For these reasons Nielsen's (1992) expression was selected for use in the STRAND model 
as being the most suitable equation available for calculating the ongoing sediment transport 
in the swash. 
Although the equation was originally developed for steady state current conditions in 
riverine environments, it remains valid for use in the coastal environment for instantaneous 
sediment transport calculations under the influence of waves and/or currents. This is 
because the response time of the sediment to the shear stress is small compared to the wave 
or tidal periods (Soulsby, 1997). 
4.5 Sensitivity analysis of the model 
Ultimately, the transport in the swash is dependent on the initial fluid velocity at bore 
collapse and, as such, on the height of the bore at the SWL. To gauge the combined 
influence of initial wave height at breaking, wave period and beach slope on the bore 
height, the model was run for a selection of parameters which are likely to embrace all the 
possible values encountered under prototype conditions. 
4.5.1 Expected bore height and swash zone extent 
Figure 4-5 shows the relationship between the calculated bore height and the beach slope 
for pre-set values of wave period and height at breaking. Long period waves tend to 
maintain more o f their initial wave height at breaking than short period waves. As the 
period reduces progressively, more of the initial wave height is lost. This suggests a higher 
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potential for swash zone transport for long period waves since they wil l accordingly 
generate higher velocities at bore collapse. 
Small amplitude waves tend to retain a significant amount of their height over a wide range 
of beach slopes and seem to be less sensitive to wave period. This is because large 
amplitude waves tend to be inherently unstable at short periods, leading to a rapid wave 
collapse, whilst the smaller amplitude waves remain stable for longer. 
In general, it is clear from Figure 4-5 that the flatter the beach the lower the predicted bore 
at the SWL. This is in keeping with field observations and gives the model a self-regulating 
character in that on flat beaches the expected swash zone width is likely to be negligible 
compared to the surf zone. This is a result from the fact that on flat beaches the surf zone is 
likely to be saturated, resulting in no residual bore height at the SWL (Battjes and Janssen, 
1978), whilst on steep beaches the surf zone is likely to be unsaturated, resulting in residual 
bore heights at the SWL which wil l generate a swash zone. 
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Figure 4-5 Expected bore height at collapse as a function of beach slope where wave 
period and height at breaking are constant. 
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The relative importance between the surf zone width in the traditional sense and the swash 
zone width is illustrated by Figure 4-6 and Figure 4-7. In the construction of these two 
figures it is assumed that the waves are breaking almost normal to the shore and that the 
surf zone extent can be obtained from the usual breaking criteria, where the ratio between 
wave height and depth is taken as 0.78. These figures suggest a strong period dependency 
in determining which of the two zones wall extend the furthest. For a locally generated 
wind wave of 8s with a wave height at breaking of 1.5m, the swash zone is likely to be 
larger than the surf zone until the slope becomes less than 1/10. For a wave of 8s and 
height of 0.38m the slope where this situation occurs is 1/19. As the wave period increases, 
the swash zone remains dominant over a wider ranges of slopes. In general, for breaking 
wave heights smaller than 1 m, the extent o f the swash zone is larger or of the same order 
as that of the surf zone for slopes within the range of 1/3 to 1/20. This is consistent with 
Komar (1998) who put forward that a slope of 1/20 defines a transition between spilling 
breakers and plunging breakers. However, for shorter period waves the surf zone tends to 
dominate (see Figure 4-7). The above observation that the swash zone tends to be dominant 
under long wave conditions combined with steep beach profiles possibly hints at the 
importance of the swash zone diuing beach recovery. It needs to be noted, however, that 
the only factor compared here is the swash/surf zone v^dth and no conclusions are drawn 
about the actual transport taking place. In addition, as the breaking wave angle relative to 
the beach normal increases, the extent of the surf zone will stay the same whilst the swash 
zone width will tend to decrease. 
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Figure 4-7 Comparison between the surf and swash zone width (waves periods less than 
6s). 
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Figure 4-8 and Figure 4-9 show the relationship between the expected bore height and the 
wave period for pre-set values of wave height at breaking and beach slope. These figures 
clearly illustrate that as the period reduces, so does the expected bore height, particularly so 
for periods below 5s. Small amplitude waves (see Figure 4-9) become almost period-
independent and retain significant amounts of their initial breaking wave height regardless 
of the beach slope they are on. This is illustrated by the gradual convergence of the lines on 
the graph as the breaker wave height drops. It is also worth noting that the model indicates 
that swell waves manage to retain a large proportion of their height at breaking. Swell 
waves are generally thought of as being "constructive" by nature, yet the consequences for 
sediment transport by swell waves may be very different for steep beaches (Mason et al., 
1997). Along the mixed beach fi-ontage of Hayling Island on the south coast of the UK, 
swell waves were found to be responsible for the bulk of the annual net longshore transport 
with storm waves only being minor contributors (Whitcombe, 1995). Though Whitcombe 
(1995) and Powell (1996) recognised swell waves as significant contributors to the 
longshore transport of sediment on mixed and shingle beaches, no explanation for their 
large and unexpected impact was offered. Since large bore heights (as potentially generated 
by the swell waves) equate to high fluid velocities in the swash zone this may help to 
explain their sometimes unexpected influence on the sediment transport. 
102 
Chapter 4 Swash Transport Model 
I 4 ^ 
I 3 
vt 
-c 2 
X 1 
0 
1.5 
\^ 
0.5 
0.0 
/ 
10 
1 1 ' 
15 
Tp[s] 
1 
20 
- tana = 1/100 
tana = 1/50 
— A - • tana = 1/25 
-•- tana = 1/12.5 
tana = 1/6.25 
tana = 1/3.13 
25 30 
Figure 4-8 Expected bore height at collapse as a flmction of wave period where wave 
height at breaking and beach slope are constant (Hrmsbr > 1 Om). 
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4.5.2 Velocity at bore collapse 
The initial velocity at the point of bore collapse is of significant importance since it forms 
the seed for the entire fluid velocity field through time and space. It is therefore of interest 
to consider the values to be encountered within the model as a function of the bore height 
and C-coefficient as used in Equation (4.10). Figure 4-10 shows the relationship between a 
wide range of bore heights and C-coefficients. The hatched rectangular area in the figure 
shows the area of likely combinations to be encountered based on the values put forward 
for C in Section 4.3.2 and commonly found bore heights based on field observations (Van 
Wellen et al, 1999). From this it is clear that with the contour lines tending to vertical it is 
more important to get an accurate estimate for the bore height than it is to get an accurate 
estimate for C. Unfortunately, the bore height is very hard to establish accurately. 
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Figure 4-10 Relationship between the fluid velocity and the bore height and C-coefficient. 
A distinction has to be made between the longshore and cross-shore component of the total 
fluid velocity vector at the moment of bore collapse. Figure 4-11 shows both the longshore 
and cross-shore component as a function of bore angle and height. However, in general 
bores are unlikely to collapse at angles greater than 10°. Thus the longshore component is 
always going to be negligible compared to the cross-shore component. 
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Figure 4-11 Longshore and cross-shore component of the fluid velocity at bore collapse. 
4.5.3 Choice of velocity distribution at the S W L 
Section 4.3.4 introduced the different methods available within the model to calculate the 
depth-averaged cross-shore velocity component at the SWL. Figure 4-12 shows the 
distributions resulting fi-om the six methods. A l l velocities have been normalised against 
the initial cross-shore velocity at bore collapse and time has been normalised against the 
natural swash period. It would appear that just using the mean value for z or the mean value 
for z and the maximum value for z beyond the point of X^max through time results in 
excessively high values for the return flow. 
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Figure 4-12 Depth averaged cross-shore velocity component at the SWL using the 
different methods. 
The reason for the large over-prediction of the offshore velocities in the backwash stage of 
the swash (and thus transport rates) when using the mean z and mean z with max z approach 
is probably best illustrated by looking at Figure 4-13. As seen on the figure, the swash 
profile is characterised by a steep climb and rapid reduction in water depth at the SWL 
through time. Thus, when flow reversal occurs there is still a considerable amount of water 
landward of the SWL which needs to be evacuated through a rapidly reducing depth of 
water at the SWL. This results in large fluid velocity vectors which re-orientate quickly 
(see Figure 4-14). A similar contour plot, using the Larson and Sunamura 93 distribution 
shows a more gradual flow reversal making for a more evenly distributed transport through 
the swash (see Figure 4-15) 
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shoreline position 
Figure 4-13 Swash lens profile through time. (Observer landward from the point of bore 
collapse.) 
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Figure 4-14 Fluid velocity distribution and orientation through the total swash using mean 
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Figure 4-15 Fluid velocity distribution and orientation through the total swash using 
Larson and Sunamura (J993). 
Another way of comparing these different velocity distributions is by looking at the impact 
they have on the total predicted transport rates. To do this, the model was run assuming a 
bore height of 0.20m, a bore angle of 2°, a peak wave period of 6s, a median grain size of 
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0.02m, a beach slope of 1/8.8, solids density of 2650kg/m^ and fluid density of 1030kg/m^ 
The method used to calculate the flow-generated Shields parameter for these model runs 
was based on the friction coefficient proposed by Wilson (1989). After introducing the 
critical Shields parameter at each computation node and applying Nielsen's expression for 
bedload transport, the instantaneous transport rates, q, are found. The result is shown in 
Figure 4-16, where the options using the mean z and the mean z and maximum z produce 
unrealistically high transport rates on the backwash (note varying scales on the vertical axis 
representing q). It is interesting to note how the very much simplified distribution from the 
30/70 lab observation (Baldock and Holmes, 1997) results in an almost identical transport 
distribution to the more complex Larson andSunamura distribution. 
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Figure 4-16 Transport distribution through the swash using the different velocity 
distributions at the SWL. 
The impact of the different velocity distributions can be condensed by summating the 
transport rates over time at the SWL, the mid swash position and averaged across the 
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swash zone. The results are given in Figure 4-17, where it can be seen that mean z and 
mean z with max z produce the unrealistically high values. The similarity between the 
30/70 lab observations and the Larson and Sunamura distribution is also evident. 
Regardless of the velocity distribution, the net cross-shore transport over a ful l swash cycle 
for the case of no swash interaction seems always to be always off-shore (open triangles on 
Figure 4-17). This U-end in the model predictions is supported by field measurements made 
by Masselink and Hughes (1998). 
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Figure 4-17 Swash transport in function of the velocity distribution applied at the SWL. 
In conclusion to this section on the sensitivity of the model to the velocity distribution at 
the SWL, it would seem that the 30/70 lab observations and the Larson and Sunamura 
distribution give results which are most credible despite being mathematically less correct 
in terms of mass-continuity underneath the swash lens. For future runs the Larson and 
Sunamura distribution wil l be chosen as the standard distribution applied by the model. 
4.5.4 Method of calculation used for the Shields parameter 
Section 4.3.1 saw the introduction of the six different methods used by the model to 
calculate the Shields parameter which, in turn, is used to calculate the transport rate. In this 
section the sensitivity of the model outcome to these methods (see Table 4-3) is evaluated. 
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Figure 4-18 shows the instantaneous values of the Shields parameter through the swash 
using all six methods. An initial observation is the striking similarity in both shape and 
magnitude between the mean \v and the Nielsen 97 method on the one hand and the Swart 
74, Wilson 89 and Hughes 95 method on the other (although these methods differ widely in 
magnitude). 
Nielsen 97 and mean w result in near identical results. This is partly due to the fact that for 
this comparison the drag coefficient in Equation (4.32) was set to unity, thus making it 
more likely for the outcome of the Nielsen 97 method to be similar to that of the method 
using the mean vv. Tabulating the drag coefficients as employed by the different methods in 
the current evaluation results in the following table: 
Method Cd Comments 
mean \v 1 Fixed value. 
Manning's n 0.5509 This value is purely indicative as is the mean of all the Cd values 
at all the nodes (Chezy's drag coefficient is depth dependent). 
Swart 74 0.0152 Inferred from Swart (1974). 
Wilson 89 0.0078 Inferred from Wilson (1989). 
Hughes 95 0.0125 Inferred from Hughes (1995). 
Nielsen 97 1 Determined by the user. 
Table 4-3 Drag coefficients implemented by the model. 
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mean w Wilson 89 
Manning's n Hughes 95 
Swart 74 Nielsen 97 
Figure 4-18 Instantaneous Shields parameter as calculated with each method (using the 
Larson and Sunamura distribution for the velocity at the SWL). 
115 
Chapter 4 Swash Transport Model 
Model runs which saw the implementation of a similar drag coefficient tend to display a 
similar behaviour in Shields parameter prediction. Though this is to be expected, it 
underiines the importance of selecting a suitable value for this important coefficient. To 
date no firm all-inclusive method exists to produce definitive values for the drag 
coefficient. Overall, depth-dependent drag coefficients should be avoided since they tend to 
increase rapidly as the water depth reduces, leading to unrealistically high transport rates 
towards the tip of the swash lens resulting in instabilities (see spikes on the Manning's n 
plots in Figure 4-18 and Figure 4-19). Such behaviour then needs to be artificially 
countered by smoothing. In addition, the values predicted for the Shields parameter are 
"capped" at 10, which is the highest value recorded for a steady current-induced Shields 
parameter at the bed (Nielsen, 1992). Figure 4-18 shows that for the mean w, the 
Manning's n and the Nielsen 97 method, a significant proportion of the Shields parameters 
have been reduced to this limiting value. The values of all the Shields parameters for all 
methods are translated into transport rates using Equation (4.37) and the results are shovm 
in Figure 4-19 and Figure 4-20. Due to the high Shields parameters produced by the mean 
w, Nielsen 97 and Manning's n, the transport rates predicted by these methods tend to be 
unrealistically high as well. 
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Figure 4-19 Instantaneous transport rates based on different methods used to calculate the 
Shields parameter. 
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Figure 4-20 Swash transport in function of the method used to obtain the Shields 
parameter. 
4.5.5 Evaluation of the permeability-inclusive approach 
Nielsen 97 is a very appealing method since it is the only one to take the influence of 
permeability into account. Though the method needs a drag coefficient to be applied to the 
depth mean velocity, there is no guidance on how such a coefficient would have to be 
adapted for variations in permeability. This seems to be a weakness in the method since 
any drag coefficient is likely to be influenced by such variations. It is therefore worth 
assessing the effect of a variation in drag coefficient on this method. 
The model was run using Nielsen 97 to calculate the Shields parameter but with varying 
drag coefficients (see Figure 4-21 and Figure 4-22). As expected, the resultant Shield 
parameter demonstrates a proportional relationship to the drag coefficient used. It can also 
be seen that for similar drag coefficients, the transport rates predicted are considerably 
lower than those shown in Figure 4-19. The relative difference in height between the 
transport peak on the uprush and the downrush in Figure 4-22 tends to be lower than that 
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found in Figure 4-19. This means that over a fu l l swash period the net offshore transport 
will tend to be lower due to the influence of the infiltration, not so much diuing the 
backwash but due to the destabilising influence of the infiltration on the uprush. It needs to 
be borne in mind though that the model in its current state does not allow for exfiltration on 
the backwash which may well offset this effect. 
Figure 4-23 shows that the expected seepage velocity is low compared to the horizontal 
fluid velocities generated in the swash. This remains true even on a beach face with a D50 
of 0.02m. On average, the ratio between the horizontal velocities and the seepage velocities 
(and thus the potential for the influence of the seepage on the transport process) is at its 
maximum in time when the maximum uprush has been reached. This is also the zone 
where sediment transport is likely to be low, so that any influence of the seepage velocity 
will be small in this location. The potential loss of water volume under the swash lens due 
to infiltration is shown in Figure 4-24, where it can be seen that the loss of water is 
negligible throughout almost the entire swash period. In addition, it needs to be stressed 
here that the hydraulic gradients used for the construction of Figure 4-24 are large (even for 
shingle size material) and have been taken to be constant across the entire swash zone for 
each model run. Turner and Nielsen (1997) using field data from a sand beach (D50 = 
0.4mm) found a hydraulic gradient of the order of 0.05 whilst Mason using field data 
gathered on a shingle beach (D50 = 20mm) foimd maximum peak values for the hydraulic 
gradient of 0.3 (HR Wallingford, 1999). 
Timewdse, it is only in the last 5 to 10% of the swash period (depending on which hydraulic 
gradient is used) that the potential volume loss due to infiltration reaches the same order of 
magnitude as the actual swash volume. However, although the transport rates at this point 
are high the cross-shore extent of the swash zone has by then been significantly reduced 
since the moving shoreline represented by the tip of the swash lens has by that time almost 
returned to its original position on the beach. Therefore, i f there is any impact on the 
transport rate due to continued infiltration in the backwash, it v^ l l be to moderate the 
predicted erosion rate by reducing the offshore orientated transport. 
Although the STRAND model predicts a seepage velocity, it does not actually remove a 
water volume fi-om under the swash lens profile. As mentioned above, the model also 
assumes a constant infiltration across the swash both through time and space and does not 
take the potential existence of exfiltration into account. These simplifications are 
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considered valid given the fact that all predicted infiltration velocities are small in 
magnitude regardless of hydraulic gradient and therefore it is unlikely that large volumes of 
water wil l be lost or gained. However, it should be borne in mind that the infiltration 
velocities were calculated using Darcy's Law under the assumption of laminar flow. In 
reality, whilst being probably valid for sand-sized material, infiltration through shingle 
sediment is likely to be turbulent and considerably higher in velocity. 
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Figure 4-21 Instantaneous Shield parameter, using Nielsen 97 with varying drag 
coefficient. 
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Figure 4-22 Instantaneous transport rates, using Nielsen 97 with varying drag coefficient. 
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Figure 4-23 Comparison of swash velocity and seepage velocity. 
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Figure 4-24 Estimation of the relative importance of the potential swash volume loss due 
to infiltration. 
4.5.6 Influence of the wave period and natural swash period on the model outcome 
The transport rates predicted by the STRAND model are influenced by swash interaction. 
Swash interaction in itself is dominated by the two periods which govern the process: the 
wave period (Tp) and the natural swash period (7,) . The swash period depends on the bore 
height at the SWL and ultimately finds its origin in the wave parameters at the point of 
breaking. To assess the impact of the wave period on the transport rate, the expected 
transport rate is calculated using a fixed bore height and different values for the peak wave 
period, ranging fi-om Is to 15s. The natural swash period was taken as 5.06s with an 
Mrmsbore of 0.20m and a bore angle of 2°. There is a maximum in both the longshore and 
cross-shore transport rate at the point where wave period and naturzil swash period are 
equal (see Figure 4-25). This is to be expected since the next bore arrives just as the current 
swash cycle has come to its end, thus resulting in a maximum number o f ful l swash cycles 
per unit of time. Rather than use the ratio between the wave period and the natural swash 
period, Baldock and Holmes (1999), looking at solely 2D cases, used the bore height and 
the maximum vertical swash zone uprush {Rsmca) in their equations to indicate the onset of 
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overlap between sequential swashes. They stated that swash interaction takes place from 
the moment: 
Ho ^ (4.40) 
or, after rearrangement: 
Rs.^ ^ (4.41) 
in which Ho is the bore height at collapse, Tp is the wave period, a is the beach angle and C 
is the proportionality coefficient describing the efficiency of bore collapse. It is interesting 
to note that Equation (4.41) predicts the onset of swash interaction independently from C. 
This suggests that the magnitude or amplitude of the saturated swash motion is likely to be 
largely independent of the type of bore approaching the shoreline (Baldock and Holmes, 
1999). Replacing Tp in Equation (4.41) by the natural swash period o f 5.06s results in a 
value of 0.40m for the maximum vertical swash zone uprush. This value is also returned by 
the STRAND model when using the same input as that used to obtain the maxima in 
Figure 4-25, indicating the onset of swash interaction. 
As the magnitude of the wave period increases beyond that of the natural swash period, all 
predicted transport rates drop since the period over which no swash motion takes place 
becomes increasingly larger relative to the natural swash period. A minimum in longshore 
transport rate is found close to the 70 percent mark; this is due to the transport taking place 
during the return flow of the swash being replaced by that of the incoming bore. As the 
wave period decreases even further, the transport rate starts to increase again because, 
although the transport generated by the incoming swash immediately suppresses that part 
of the previous swash, little or no transport is taking place during that particular phase of 
the previous swash. The cross-shore transport is zero at the point where the wave period is 
85% of the swash period. The steepness of the lines representing the cross-shore transport 
between 85% and 100% indicates that the net transport reversal takes place very quickly. 
Figure 4-25 also suggests that for a given set of environmental {e.g. beach slope) and 
hydrodynamic parameters (e.g. wave height at breaking) there exist wave periods which 
will produce minima and maxima in the swash zone transport. This makes it unlikely for 
any monotonic relationship between the wave period and for example the longshore 
transport (as often found in empirical transport equation) to be valid. 
125 
Chapter 4 Swash Transport Model 
As the wave period reduces and therefore the relative wave steepness increases, the cross-
shore transport increases markedly and is directed onshore (Figure 4-25). The model makes 
the assumption that all ongoing hydrodynamics and associated transport is suppressed by 
the arrival of the new bore. This is likely to be an oversimplification of the processes going 
on but explains why decreasing wave periods tend to give large onshore directed transport 
rates. At first, this appears to be at odds with the idea that steep waves produce erosion 
whilst waves of low steepness result in onshore transport. However, this phenomenon has 
also been observed in laboratory experiments. For example Sawaragi and Deguchi (1987) 
found offshore transport to take place at the SWL for a wave steepness of up to 0.02 but 
found onshore transport for a wave steepness of 0.04 and above. Similar observations were 
also made by Holmes et al. (1996). Carter and Orford (1993) based on field data suggested 
that gravel beaches may at times display a build-up of a berm and as such display net 
onshore transport. Carter and Orford (1993) indicated that such a phenomenon is likely to 
occur under extreme wave uprush and percolation but did not make a quantitative link to 
any swash transport processes. 
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Figure 4-25 Effect of swash interaction on the predicted transport rate. 
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Since, i f swash interaction occurs, the model replaces the hydrodynamics from the previous 
swash by those generated by the new incoming bore from the point in time onwards where 
the new bore collapses, the combined influence of the wave period and height on the 
predicted transport needs to be examined. Figure 4-26 displays the likely bore heights to be 
encountered at the SWL, based on likely wave conditions at the point of breaking on steep 
shingle beaches. The shaded areas on the graph represent the different types of wave 
breaking based on the Iribarren number (M) given by: 
tan a. 
Ni = . (4.42) 
where, in general terms, a is the slope angle, H is the wave height at the toe of the slope 
and Lo is the deep water wave height. Wave breaking by plunging is most common on 
shingle beaches. Within the plunging region, a line indicating wave steepness of 0.01 is 
shown, which acts as an artificial divide between calm conditions (above the line) and less 
calm conditions (below the line). This line is reproduced on the following 3D plots relating 
bore height and wave period to the swash transport rates (dotted line on Figure 4-27 and 
Figure 4-28). On Figure 4-26, it can be seen that for waves less steep than H/Lo = 0.0J {e.g. 
swell waves) the bore height becomes more dependent on the wave height at breaking and 
less on the wave period (i.e. the contour lines tend to the vertical). For wave conditions 
steeper than H/Lo = 0.01 it is predominately the wave period which determines the bore 
height. The region below the line is also the zone where swash interaction becomes more 
likely since wave periods tend to be smaller. 
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Figure 4-26 Contour plot of the rms bore height [m] at the SWL as a function of the wave 
period and height at breaking for a uniform beach slope of 1/8.8. 
The sensitivity of the transport rate to the hydrodynamics is parameter dependent; in the 
region marked by a circled one on Figure 4-27 representing the transport at the SWL, the 
transport rate is more sensitive to increases in wave period than increases in wave breaker 
height. In contrast, the region marked with a circled two is characterised by a higher 
sensitivity to changes in breaker height rather than wave period. This is illustrated further 
by typical examples of transport rates given in Table 4-4: 
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HfTmbr ^rras bore flx mean Qy mean percentage 
change in 
relative to * 
percentage 
change in 
relative to + 
[s] [m] [m] [mVsm] [ni''/sm] [%] [%] 
region 1 4.00 0.80 0.367 ' 0.00069 * 0.00033 0.0 0.0 
4.40 0.80 0.405 0.00081 0.00044 18.2 27.2 
3.60 0.80 0.322 0.00055 0.00026 -19.9 -21.2 
4.00 0.88 0.382 0.00076 0.00037 11.4 11.9 
4.00 0.72 0.349 0.00061 0.00029 -11.5 -12.0 
region 2 8.00 0.50 0.400 '-0.00081 ^ 0.00079 0.0 0.0 
8.80 0.50 0.411 -0.00075 0.00077 -3.4 -2.4 
7.20 0.50 0.387 -0.00076 0.00079 -2.1 -0.4 
8.00 0.55 0.434 -0.00092 0.00096 18.3 21.7 
8.00 0.45 0.366 -0.00064 0.00063 -17.6 -20.6 
Table 4-4 Sample calculation to gauge transport sensitivity to wave period and height. 
As the wave climate becomes stormier, the wave steepness increases, resulting in the line 
currently representing H/Lo = 0.0J on Figure 4-26 lying closer to the region of spilling 
breakers, resulting in lower bore heights. This produces the trough in the longshore 
transport rate (Figure 4-28), The ratio between the wave period and the swash period at 
which the minimum transport occurs is always about 70%. The minimum observed in 
longshore transport associated with a certain bore height is of particular interest since it 
suggests that the transport is not a monotonic function of the bore height. I f this is the case, 
it makes equations for the prediction of the longshore Uansport based on dimensional 
analysis of field data (without the explicit distinction between swash zone and surf zone 
transport) suspect since such equations assume the existence of monotonic functions 
between the measured wave data and the observed transport. The fact that the longshore 
transport in the swash zone is also very sensitive to wave steepness means that even over 
short periods of time considerable variability may occur between the tremsport in the swash 
and that in the surf zone. 
The ratio of 85% for zero net transport (shown in Figure 4-25) is maintained for the cross-
shore transport graphs in Figure 4-27. However, care needs to be taken when interpreting 
the rapid increase in transport rates in both the longshore and cross-shore directions beyond 
this point since a bore height of 1 m and higher can be considered rare. Observations from 
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shingle beaches along the south coast of England suggest that an expected mean bore 
height is of the order of 0.25 - 0.33m with maxima of about 0.75 - 0.80m and a mean wave 
period of about 5 - 6s (Van Wellen et a/., 1999). To generate a bore height of 1.2m in the 
lower period group would require a plunging breaking wave height of about 4m with a 
period of 6.6s (with the period required for spilling breakers being 5.6s at this wave 
height); a period of 14s reduces the required breaking wave height to 1.5m (with the period 
required for collapsing breakers being 19.8s at this wave height). Both cases are unlikely to 
occur for any significant amount of time. Accordingly, the model can be considered stable 
in the majority of hydrodynamic conditions encountered on steep beaches (the lower left 
quadrant of Figure 4-26). 
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Figure 4-27 Evaluation of the expected cross-shore transport in the swash as a 
function of bore height and wave period. 
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Figure 4-28 Evaluation of the expected longshore transport in the swash as a 
function of bore height and wave period. 
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4.6 Summary of model development and sensitivity analysis 
A model (STRAND) describing the swash zone hydrodynamics and the associated cross-
shore and longshore sediment transport is presented. The model uses a parabolic 
description for the progression of the bore across the beach face and a physics-based 
approach to the sediment transport prediction. The most suitable user-defined model setting 
for the calculation of the SWL velocity field and Shields parameter (for realistic prototype 
conditions) appear to be those using the cross-shore velocity field distribution at the SWL 
based on the measurements of Larson and Sunamura (1993) coupled with a drag coefficient 
suggested by Wilson (1989), The model is free from instabilities within the conditions 
likely to be found under prototype conditions. 
The model predicts the high potential for transport in the swash zone, both longshore and 
cross-shore. The potential influence of beach permeability can be included in the model (by 
means of adjusting the Shields pcirameter) but results from the initial emalysis, combined 
with the uncertainties linked to this approach, make it doubtful as to whether this is worth 
pursuing in its present form. The elementary way in which the model currently deals with 
swash interaction (i.e. replacing the hydrodynamics and associated transport with those of 
the new incoming bore) requires further development i f the model is to represent the 
process of swash interaction more realistically. However, although the interaction process 
is crude for the cross-shore transport, it appears to give physically realistic longshore 
variations (Figure 4-25). 
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C H A P T E R 5 
F I E L D S I T E S 
5.1 Introduction 
The literature review in Chapter 2 identified that with a few exceptions (e.g. Chadwick., 
1989, 1991a, b) almost all models focusing on shingle beach processes have relied on 
either laboratory data or at best on rather sparse amounts of field data. This lack of field 
data indicates that the best way in which the understanding of shingle beach 
morphodynamics could be ftirthered is through the execution of a large scale field 
experiment. 
Such an experiment was designed by a partnership made up out of HR Wallingford and the 
Universities of Brighton, Plymouth, Portsmouth and Southampton. The fiinding for the 
project was provided by the UK Ministry of Agriculture, Fisheries and Food (MAFF). The 
general project aim was to develop improved techniques for the prediction of shingle beach 
transport and morphological development based upon large scale field experiments (MAFF 
Shingle Beach Transport Project). The experimental procedures were designed by the 
partnership (prior to the author's involvement) and the specific objectives were to: 
• undertake a substantial series of field measurements of hydrodynamic parameters and 
concurrent sediment transport measurements. 
• use the field data to test and/or adapt existing shingle transport models. 
• link transport processes with resulting beach morphology over a range of spatial and 
temporal scales and develop and improve predictive techniques for use by beach 
management teams and coastal engineers. 
• compare the response of a natural beach and one managed by control structures. 
To achieve these aims most efficiently the field work was split up in two legs, to be 
undertaken in the autumn of the initial two years of the project (Coates, 1997). The first 
year field programme (Autumn '96) focussed on open beach conditions (Van Wellen et ai, 
1997). The main objectives of this field work campciign were as follows: 
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• To undertake tracer studies to quantify sediment transport rates. 
• To conduct 3D beach surveys of the whole of the open beach area, at a spatial 
resolution sufficient for the production of digital elevation models (DEMs) and 
computation of volumetric changes between surveys. 
• To acquire data at a variety of temporal resolutions ranging from one or two semi-
diurnal tidal cycles (e.g. tracers, 3D surveys), semi-continuous samples of individual 
events (e.g. nearshore currents), to continuous process monitoring (e.g wave recording). 
• To acquire data during a wide range of sea slate conditions, focussing on high energy 
conditions in an attempt to improve on the present lack of data at that end of the 
energetic input spectrum (particularly for shingle beaches). 
• To attempt concurrent logging of data between the different measurement systems in 
order to facilitate the study of inter-process relationships and thus improve the value of 
the data. 
The second leg of the field programme concentrated on more complex situations which 
arise in the presence of beach replenishment or control structures such as groynes. During 
the second year field programme (Autumn '97) the objectives of the first year programme 
were maintained but in view of the influence and longevity of coastal structures were 
augmented by the following: 
• To investigate the efficiency of timber and rock groynes in controlling the behaviour of 
the recharged beach. 
• To study the effects of the scheme on the adjoining frontages. 
• To use the collected data to improve or develop predictive models of future beach 
evolution. 
Ideally a site was needed which was representative of British shingle beaches and which 
would be usable for both field work campaigns, yet fairly simple in its bathymetric and 
morphologic conditions. This would allow for reliable data collection v^th a minimal risk 
of having the data tainted by spurious signals which would make subsequent model 
verification extremely difficult. 
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5.2 Autumn '96 beach field site at Shoreham-By-Sea 
Based on the requirements for simple morphological and bathymetric conditions, a site to 
the west of the Shoreham-By-Sea harbour arm was selected. This site, located in West 
Sussex, consists predominantly of medium size shingle (D50 = 20mm) lying on a gently 
sloping sandy foreshore which starts approximately at the mean low water mark. Further 
information on the grain size distribution is given in Appendix E. The shingle beach has 
been formed as a spit which deflects the River Adur. Much of the coastal zone in the area 
has been managed with the use of groynes. However, over a distance of approximately 
1.5km between the Shoreham harbour wall to the east and a series of groynes to the west, 
the beach is open and in a natural state. Field measurements on this site were undertaken in 
the centre of this open beach (Figure 5-1 to Figure 5-3). The field experiment lasted from 
the beginning of September to mid November. 
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Figure 5-1 Diagram showing the location of the Shoreham field site. 
The beach is macro-tidal with a maximum spring range of 6.5m, when the shingle toe 
becomes well exposed at low water. The prevailing wind direction at the site (Hague, 
1992) is from the south and south west, when the site is exposed fully to storm waves 
generated within the English Channel and Western Approaches. The predicted annual 
maximum significant wave height offshore is about 4.0m. 
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Figure 5-2 View of Shoreham Beach looking west, picture courtesy of the 
MAFF Shingle Beach Transport Project. 
Figure 5-3 View of Shoreham Beach looking east, picture courtesy of the 
MAFF Shingle Beach Transport Project. 
Since the harbour wall was extended in 1957 the beach has been steadily accreting against 
the wall at a mean annual rate of 15,000-20,000m^ (Chadwick, 1989; Wilson, 1996), 
indicating a steady average eastward drif^ of sediment. 
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5.3 Autumn '97 beach field site at Lancing 
The Autumn '97 field work was at a site immediately to the west of the open beach at 
Lancing. The beach was controlled initially by the use of timber groynes. In April 1997 a 
scheme was completed by the Environment Agency which involved the construction of 
four rock groynes and additional shingle replenishment (Figure 5-4). The selection of these 
sites allowed for intercomparison since they are both subjected to similar hydrodynamic 
conditions, but differ significantly in terms of degree of structural control (Van Wellen et 
ai, 1999). The Lancing site has a similar basic morphology to the Shoreham site (shingle 
beach on a gently sloping sandy foreshore), but is characterised by a slightly higher 
elevation than the Shoreham site, resulting in the sandy foreshore being exposed for longer 
in the tidal cycle. 
Figure 5-4 The Lancing field site, looking east, following the beach recharge 
(April/May 1997) picture courtesy of the MAFF Shingle Beach Transport Project. 
The Lancing site is part of the sea frontage between Shoreham-By-Sea and East Worthing 
which is characterised by a shingle ridge embankment which protects Shoreham, Lancing 
and the River Adur flood plain from the sea. Timber groynes from near the Lancing field 
site and extending towards Worthing have traditionally been used to manage the beach and 
minimise flooding in those areas. Due to an ongoing loss of beach sediment, the level of 
sea defences had seen a dramatic reduction in their margins of safety. The Environment 
Agency started implementation of a coastal defence scheme involving the construction of 
138 
Chapter 5 Field Sites 
rock groynes between existing timber groynes and replenishing the depleted beach material 
stock with marine gravel. The design for the rock groynes was based on flume studies. By 
April 1997, four rock groynes had been constructed decreasing in length from west to east, 
and a replenishment using marine gravel had already taken place. The marine gravel used 
as rechzirge material was screened at Shoreham harbour, removing all the fines. The f i l l 
was cheiracterised by a size range of 20 to 60mm 'B*-axis (« D50) and was seen to be 
slightly coarser and more angular than the original indigenous material (Further 
information on the grain size distribution is given in Appendix E.). This part of the scheme 
was known as Phase 1, Figure 5-5 shows the different phases of the scheme and the field 
site used during the months September and October of 1997 and Figure 5-6 shows a typical 
rock groyne as constructed under the scheme. Figure 5-7 shows the Lancing field site 
during the field work. Phases 2 and 3 were not initiated during the field experiments. 
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Figure 5-5 Diagram showing the location of the 
Lancing field site and the different phases of the 
coastal defence constructions (X marks the 
embayment in which the Lancing'97 field work 
took place). Taken fi^om the Environment 
Agency public information leaflet. 
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Figure 5-6 Diagram showing a representative groyne 
as found on the Lancing field. Taken from the 
Environment Agency public information leaflet. 
140 
Chapter 5 Field Sites 
Figure 5-7 Lancing field site during the field work (October 1997), picture courtesy of 
the MAFF Shingle Beach Transport Project. 
In conclusion, the combined field work project as undertaken in Shoreham-By-Sea and 
Lancing in West Sussex was a first in its kind to be undertaken on such a large scale on a 
shingle beach. The study has generated a definitive database, which can be used in the 
verification or development of short- and long-term analytical/numerical models for 
sediment movement on shingle beaches. 
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CHAPTER 6 
FIELD MEASUREMENT SYSTEMS 
6.1 Introduction 
The ensuing chapter describes solely that part of the instrumentation used during the 1996 
Shoreham Beach and the 1997 Lancing Beach field deployments relevant to the present 
work. A description of the instrumentation used on both deployments is given by Van 
Wellen et al (1997). 
Both field programmes were scheduled between mid-September and mid-November to 
permit sampling within known storm seasons. Measurements were planned in terms of 
core activities, which involved instruments and/or methods which were unlikely to be 
affected by the harsh environmental conditions as found on shingle and mixed beaches, and 
trial activities, involving equipment and methods which were not specifically designed to 
endure coarse grained beach conditions (see Table 6-1). 
Core activities Tr ia l activities 
• Offshore wave recording (WRS) • Current measurements (EMCM) 
• Inshore wave recording (IWCM) • Ground water monitoring 
• Sediment tracing (Piezometers) 
• Beach morphology survey (GPS, TS) • Mobile sediment trapping (NESSIE) 
• Sediment sampling 
Table 6-1 Division of measurements in core and trial activities. 
6.2 Hydrodynamic related measurements 
This section describes the instrumentation used to measure the hydrodynamics during both 
field programmes. The hydrodynamic measurements were conducted using four standalone 
instrumentation suites, each dealing with a specific aspect of the hydrodynamics. 
6.2.1 Offshore Wave Recording System (WRS) 
Offshore wave recording was conducted using the Wave Recording System (WRS, see 
Figure 6-la, b), which is a solid-state data acquisition system capable of long term 
autonomous operation under water (Bird, 1993). The system comprises six PDCR 130 
Druck pressure transducers which are each incorporated in an impermeable oil filled 
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chamber. The transducers report the fluctuations in pressure at the seabed to the central 
data storage system at a sampling frequency of 2Hz. The information is stored by the unit 
until it is downloaded for ftirther processing. For this project the WRS was programmed to 
take five measurements per tide of 17 minutes each, spread evenly over the top half of the 
tide. 
The WRS was deployed at 50'*48,9TM by 00**16,0'W. This position was approximately 
1100m away from the nearest land above the level of Lowest Astronomical Tide in an 
average water depth of 8m. This site was selected to allow for reliable collection of 
offshore wave data for both the Lancing and the Shoreham sites. The presence of an 
offshore wave measurement suite also served as a safeguard in case extreme wave activity 
should damage the nearshore wave measuring equipment. 
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Figure 6-1 (a) Author with central data logging unit of the WRS; (b) a 
single pressure sensor of the WRS after 2.5 months on site. Pictures 
courtesy of Mr A R Tapp. 
6.2.2 Inshore Wave Climate Monitor ( I W C M ) 
I hc nearshore wave climate was recorded using the Inshore Wave Climate Monitor 
(IWCM). This device consists of a star array (see Figure 6-2) of four 6m resistive sensors 
mounted on a 6m sided triangular aluminium tubular frame (Chadwick et ai, 1995). The 
system is structurally self-contained so that beach movement does not affect its integrity. 
Surface elevation at the poles is recorded at 4Hz and sent up the beach via a data cable 
where it is recorded on the hard disk of a PC. In general five measurements were made per 
tide of 17 minutes each, spread evenly over the top half of the tide. This measurement 
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sequence was delayed by about 4 minutes relative to the WRS measurement programme. 
This delay was introduced to allow waves measured by the WRS to travel inshore where 
they were the subsequently measured by the IWCM. During each field deployment, the 
IWCM was deployed near the toe of the shingle beach, just seaward of where the main land 
based field work activities took place. The bed elevation in the vicinity of the IWCM was 
measured on a frequent basis. 
Figure 6-2 The IWCM in operation during the 1996 field work, 
picture courtesy of the MAFF Shingle Beach Transport Project. 
6.2.3 Klectro-Magnetic Current Meters (EMCMs) 
Nearshore currents were measured using 2-axis EMCMs capable of measuring fluctuations 
in water movement in two directions normal to each other. Two types of current meters 
were used: the Valeport Model 800 5.5cm Spherical Electromagnetic Current Flow Meter 
(Figure 6-3a) and the Valeport Model 800 11.5cm Annular Electromagnetic Current Flow 
Meter (Figure 6-3b). EMCMs have rarely been deployed on shingle beaches, due to their 
expense and comparative fragility. Up to 3 co-located EMs were deployed at Shoreham and 
Lancing as part of the TOSCA instrumentation suite (Voulgaris et al.. 1995), modified for 
installation in the inter-tidal zone. Each sensor was orientated so that the main axes 
coincided with the longshore and cross-shore orientation. The elevation of each EMCM 
relative to the beach was measured on a daily basis. Al l sensors were burst-sampled 
simultaneously at 4 Hz for 17.07 minutes every 20 minutes, throughout the period when 
the lowest sensor was covered by the tide. 
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Figure 6-3 Spherical (A) and annular (B) EMCMs as used 
during the 1996 and 1997 field work, picture courtesy of Dr T 
Mason. 
6.2.4 Piezometers 
Groundwater measurements aimed at monitoring pore water pressure changes were 
obtained by means of two banks of three piezometers each. The piezometers were Druck 
miniature pressure sensors, inserted into a small rigid, perforated tube, screened with 
permeable filter cloth. At each bank three sensors were dug into the beach at different 
depths. The sensors were sampled at 8Hz. A collocated wave transducer was deployed at 
each piezometer bank in order to monitor water depth and wave action. 
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6.3 Sediment related measurements 
The next group of measurements have been classed sediment related measurements since 
they relate directly to sediment movement and sediment characteristics. The measurements 
have been grouped in tracer experiments, topographic surveys, sediment trapping 
experiments and sediment sampling. 
6.3.1 Sediment tracers 
Direct sediment movement was measured with the aid of tracers. Three types of tracer were 
used during the project: painted indigenous pebbles (Caldwell, 1981); aluminium tracers 
(Wright et a/., 1978) and electronic tracers (Workman et al, 1994). The aluminium and 
electronic tracers (Figure 6-4) are cast to reproduce the shape, size and density of resident 
pebbles. 
Figure 6-4 Electronic (E) and aluminium (A) tracer pebbles against a 
back ground of indigenous beach material, picture courtesy of the 
MAFF Shingle Beach Transport Project. 
The aluminium pebbles are each stamped with an identification code. Recovery is 
undertaken by sweeping the beach with metal detectors. Tracers are dug up to reveal their 
identification code and to measure burial depth. The electronic pebbles comprise an 
electronic transmitter encapsulated within a weighted resin. The pebble circuit is powered 
by a watch-type battery with a life of over 2 years, and each emits low frequency magnetic 
pulses. Each pebble has an individual code, which is identified by an electronic detector 
within a depth range of up to Im. This detectable depth forms a significant improvement 
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over those obtained from painted and aluminium tracers which have a detectable depth of 
10 and 40cm respectively (Van Wellen et ai. 1998). To decrease search times, the pebbles 
are first detected by a roving, wheeled multiple coil detector which transforms the magnetic 
signal it picks up into audible pulses (Figure 6-5). The pebble is subsequently pin-pointed 
by a hand-held detector. The system allows for remote determination of pebble identity and 
burial depth. During the field work, however, pebbles were dug up to determine their burial 
depth and identification. Due to the comparatively low cost but relatively low recovery 
rates, the painted and aluminium pebbles where used solely as part of pilot studies at the 
beginning of each deployment to illustrate likely sediment pathways. The depth of the 
mobile shingle layer (or "depth of disturbance") was obtained from the depth at which each 
of the recovered pebbles was found (Bray, 1996) and by means of measuring the depth to 
which columns of painted pebbles, injected into the beach, were disturbed (after King, 
1951; and Nicholls, 1989). 
Figure 6-5 Roving detector for the electronic 
pebbles, picture courtesy of the MAFF Shingle Beach 
Transport Project. 
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6.3.2 Topographic surveys 
Position fixing of data-gathering equipment and topographic surveys during the fieldwork 
were conducted using both a Leica TC600 Total Station (TS) and Global Positioning 
System (GPS) equipment. The GPS equipment used consisted of two Leica SR399 GPS 
sensors in combination with two CR399 GPS controllers and the Leica SKI post-
processing software. 
6.3.3 M(»bile sediment trap 
Figure 6-6 The mobile sediment trap NESSIE, 
picture courtesy of the MAFF Shingle Beach 
Transport Project. 
The trapping of sediment using a 
mobile trap was conducted using the 
NEar Shore Sediment Investigation 
Equipment (NESSIE). This trap (see 
Figure 6-6) was developed at the 
University of Brighton and consists 
of a small trap (mouth width 20cm, 
mesh size: 10mm square) at the far 
end of a 6m long pole which is 
mounted on a wheeled carriage. Steel 
wires are used to stiffen the structure 
without adding significant weight or increasing the fluid drag on the structure. The trap can 
be orientated to face alongshore or cross-shore. A pair of stop poles are driven into the 
beach to hold the carriage at a fixed position. For each measurement, the carriage is 
manoeuvred into position manually against the stop poles and the trap lowered and held 
securely onto the beach face to intercept the sediment. The trap is left in position for a short 
time (5-10 wave periods for the longshore direction, or wave-by-wave for the cross-shore 
direction) and then lifted and withdrawn shorewards. By repeating the measurements as the 
tide rises and/or falls, sediment transport rates at different positions across the swash zone 
are determined. 
6.3.4 Sediment sampling 
Beach surface sediment samples of approximately 70kg each were collected at each low 
water which occurred during a tracer study. Samples were taken near the surface from each 
of three sites adjacent to the tracer injection sites, which were located in the upper, middle 
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and lower part of the beach. The shingle fi^ction of the samples was subsequently sieved at 
half ^intervals. 
Further information on instruments and methods used in the field work can be found in 
Van Wellen et al. (1997). 
6.4 Layout of instruments 
The diagrams shown in Figure 6-7 and Figure 6-8 give the layout of the instrumentation as 
deployed at the Shoreham and Lancing fieldwork sites. 
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Figure 6-7 Position of shore based equipment at the Shoreham beach site in the autumn of 
1996. 
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Figure 6-8 Position of shore based equipment at the Lancing beach site in the autumn of 
1997. 
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CHAPTER 7 
DATA ANALYSIS 
7.1 Introduction 
The convention for signs is shown in Figure 7-1 and follows that of the OS co-ordinate 
grid. Positive increasing values for J C indicate onshore movement, positive increasing 
values for y indicate alongshore movement towards the East and positive increasing values 
for z indicate a vertical zenith orientated movement. 
North 
J i 
Landward 
/ BEACH / 
s 
Seaward ^ 
Figure 7-1 Convention as used for Shoreham and Lancing 
beach. 
Each of the data files sampled during the field work was identified using the start time of 
each measurement burst, in Julian Days for the years covered, and the beach where it was 
collected (i.e. Shoreham for the 1996 field work and Lancing for the 1997 field work). For 
example IWCM 1996 265.628472222 refers to an Inshore Wave Climate Monitor file 
collected on Shoreham Beach on 21 September 1996, at 15:05 Greenwich Mean Time, 
7.2 Wave analysis 
The instantaneous sea surface elevation files as recorded by the IWCM and WRS were 
analysed to a standard as advised by PIANC (1986) and Darras (1987) for the description 
of sea states. As a rule all the files recorded by the IWCM array were analysed. Additional 
files recorded by the WRS were only analysed i f wave input was required for periods when 
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the IWCM was not recording. The underlying procedure followed in both cases was the 
same. Time domain, frequency domain and directional analysis was performed on the data. 
The frequency domain analysis is discussed in Section 7.2.1 and the directional analysis is 
discussed in Section 7.2.2. 
7.2.1 Frequency domain analysis 
Fast Fourier Transforms (FFT) were executed with 4096 data points sampled at 4Hz, 
windowed into segments of 512 points with 50% overlap. The cut-off frequency used in the 
analyses was set at 0.5Hz and the windowing technique employed was a cosine bell 
window. 
Using the energy density function as a probability density function (PDF) theyth moment is 
defined as: 
f Nil 
'"y=47E/W) (7.1) 
In which/represents the Fourier frequency,^ is the sampling frequency, N is the length of 
the time series and S(f) is the energy density function. Of these moments the most 
significant are j=0,I,2 and 4, corresponding to the variance, peakedness, skewness and 
kurtosis of the PDF. The following parameters are computed from the moments of the 
spectra (Goda, 1985): 
Variance of the frequency domain: 
= m, (7.2) 
Spectral approximation to the significant wave height: 
^.0 = = (7.3) 
Spectral approximation to the significant wave period: 
7 ; o > = ^ = 7 ; (7.4) 
Spectral approximation to the mean wave period related to successive zero up-crossings: 
7 ; o . = ^ ^ 7 ; (7.5) 
Spectral approximation to the wave period related to successive wave crests: 
r„,, = ^  = 7; (7.6) 
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Peak period: 
T , = Y (7.7) 
J p 
where^ is the frequency at the maximum value of S(f). 
The following two spectral width parameters were also extracted from the data: 
Peakedness factor 
9 f N/2 
and Narrowness parameter 
V ^ 
These parameters give an indication as to how broad or narrow the spectnmi of waves is. 
High values of Qp suggest a broad spectrum whilst low values suggest a narrow spectrum. 
The £2 parameter gives a similar indication in that for ^ --values close to 0 the sea is taken to 
be narrow band (approaching a monochromatic wave field) whilst values closer to 1 
suggest a wide band spectrum. 
Wave steepness using the frequency domain parameters is defined as: 
(7.10) 
The wave length {Lk) for each spectral component,/i, can be found by iteratively solving 
Equation (7.11): 
In 
tanh 
2nd 
L L 
(7.11) 
7.2.2 Directional analysis 
The directional analysis on the wave data was performed using the Maximum Likelihood 
Method (MLM). The method was developed originally by Capon et al. (1967) for the 
analysis of seismic waves with a sensor array. The method is designed to minimise the 
variance of the difference between the estimate and the true spectrum, under the constraint 
that the amplitude of unidirectional plane waves with no contamination by noise is passed 
without bias (Pawka, 1983). The M L M is deemed to give a better estimate of the 
directional spectrum than FFT, especially when the number of wave measuring elements in 
the array is small (Goda, 1985). 
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The formula for estimating the directional spectral density using the M L M is: 
ZZ ( / ) exp[-/(/:r. cos6 + ^y. sin o) 
- I 
(7.12) 
where denotes the ( i j ) component of the inverse matrix of the complex matrix 
composed of the conjugate cross-spectrum = Q + iQ^j ( Q being the co-spectrum and 
Qij being the quadrature spectrum), S { f ) is the mean of the frequency auto-spectra, N is 
the number of wave recording elements in the array, k is the wave number, x and y are the 
space lags between the probes and a is a proportionahty coefficient determined by the 
condition that: 
[G{f^e)de= I (7.13) 
The co-spectrum and quadrature spectrum between two elements z and j of an array are 
found by applying the Fourier components (a, b, c and d\ see Equation (7.14)) which 
approximate the recorded surface elevation at the location of the element in Equation 
(7.15). 
nXO = cos2;r / „ / + b„ sin In /„/ 
(7.14) 
(0=2.^" In f j + d„ sin In f„i 
\ (7.15) 
The peak wave direction can then be taken as being the direction {6) where the maximum 
value of G(f,Q) occurs. 
More details on the application of the M L M for obtaining shoreline directional wave 
spectra can be found in Goda (1985) and Chadwick et al. (1995). 
7.2.3 Concluding remarks regarding the wave data analysis 
In conclusion to the above description it is worth mentioning the following two points: 
First, the wave data is biased by the array size and geometry. A detailed discussion on array 
design is given in Goda (1985) and Young (1994). In this section the discussion is limited 
to pointing out that the smallest wave length which can be distinguished is a function of the 
smallest spacing between two wave measuring elements. 
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Figure 7-2 As designed-plan of the IWCM. 
Ideally the minimum distance between 
two array elements should be less than 
half the smallest wave length which is to 
be resolved. From the layout of the 
IWCM shown in Figure 7-2 it can be 
inferred that the minimum spatial lag 
between two surface elevation monitors 
is 1.732m. This implies that the 
minimum wave length which can be 
resolved with this layout is 3.644m. 
Assuming an average water depth of 3m 
and a minimum water depth of Im this 
wave length corresponds to a cut-off 
frequency of 0.67Hz and 0.65Hz 
respectively. 
Secondly, the wave angle returned by the analysis procedures is a function of the co-
ordinate system used to position-fix the wave measuring elements of the array. Since the 
co-ordinates used for the analysis in this particular case referred to OS co-ordinates, they 
did not necessarily correspond to the relative angle of approach of the waves to the beach. 
For ease of use in further calculations all directional information was recast relative to the 
beach normal (taken from the average beach orientation). An example of how this 
convention is implemented for the Shoreham data is given in Figure 7-3. 
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Figure 7-3 Convention as used for defining the angles of wave 
approach. 
More details on the wave analysis can be found in HR Wallingford (1999). 
7.3 Current velocity analysis 
Using the calibrated EMCM data which consist of instantaneous cross- and longshore 
velocities (u and v) mean cross-shore , u, and longshore velocities, v , were extracted and 
the following statistical parameters computed (Guza and Thornton, 1985): 
0 = atan 
S = sine 
(7.16) 
(7.17) 
(7.18) 
(7.19) 
(7.20) 
(7.21) 
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in which Um is the maximum wave orbital velocity; Ut, Vb and are significant cross-
shore, longshore and resultant orbital velocities and 0 and S are the resultant current 
direction and strength. 
7.4 Groundwater movement analysis 
Analysed groundwater data was provided. Using the calibrated piezometer data which 
consist of instantaneous pressure readings the hydraulic gradient, 7, between the different 
piezometers was computed (Hillel, 1980): 
(7.22) 
in which h is the pressure head (in terms of meters of water above the piezometer) and z is 
the elevation head. 
7.5 Sediment transport measurements 
In order to quantify the amount of sediment being transported in the coastal region, coastal 
scientists and engineers have sought data collection methods which would allow them to 
represent reliably the ongoing processes and the quantities involved. However, different 
methods are likely to be based on different assumptions and therefore each method may be 
subject to a certain bias. Since the data is to be used to calibrate and validate transport 
models, it is of the utmost importance that the underlying assumptions and inherent 
limitations of the data collection methods are fully understood. The data collection 
methods used here are: topographic surveys, tracer experiments and sediment trapping 
measurements. Given the key status of these measurements within the framework of this 
thesis, apart from indicating how the raw data is worked up to transport rates, the 
underlying assumptions behind each of the methods employed and some of the potential 
sources for errors are also highlighted in the ensuing section. 
7.5.1 Topographic survey (Total Station/GPS) data 
Topographic survey data, occasionally supplemented by bathymetric data, is possibly one 
of the longest standing methods of data collection for quantification of coastal sediment 
transport processes and is used for assessing profile evolution and longshore transport. The 
instruments used are optical survey stations (level [distance, angle and height] or 
theodolite/total station [x,y,z position]) or more recently a Global Positioning System 
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(GPS; x,y,z position). Survey data has been used to estimate longshore transport by, for 
example, Watts (1953), Cadwell (1956), Dean e( ai (1982) and Fleming and Pinchin 
(1986); the method rehes on a shore normal barrier {e.g. a harbour wall, an extended 
groyne) cutting o f f all the longshore sediment transport. Net longshore transport is 
calculated by surveying the beach volume updrift of the barrier at regular intervals and 
subsequently subtracting the different surveys. This volume is the longshore transport 
arrested by the barrier. Regardless of the validity of the survey method the technique relies 
on a few assumptions. Firstly, the trapping barrier is assumed to be a hundred percent 
effective in trapping the drift volume. Secondly, that there is no transport in or out of the 
study area through the offshore boundary. And last, that the littoral drift downstream and/or 
upstream of the barrier is unaffected by the barrier (depending on which side of the barrier 
the surveys are conducted). 
Modem electronic data logging methods and the increased availability o f GPS equipment 
have given rise to an explosion in data points collected during surveys. In essence the GPS 
system relies on the simultaneous measurement of pseudo-distances between the surveyor 
with GPS receiver and four satellites (standard application). The description pseudo-
distances finds its origin in the fact that all the system registers are times and time 
differences. The satellites send a signal containing the leaving time and the receiver notes 
the reception time of the signal. However, given numerous inaccuracies in time 
measurements mostly by the receiver clock, each time measurement wil l have an error to it 
and thus each cEilculated distance is a pseudo-distance. One of the most common ways to 
improve accuracy is to take measurements relative to a stationary reference receiver to 
resolve inaccuracies within the system. This can be done using post-processing or in real 
time and is known as Differential GPS (DGPS). The high degree of automation in such 
systems allows for data collection at a far higher frequency than when using a traditional 
total station. This abundance of data points is often used to construct what is known as a 
Digital Elevation Model (DEM). This type of model is basically a 3D picture constructed 
out of a combination of sampled points during the survey and interpolated points created by 
the interpolation program of the DEM-creation package. 
However, though DGPS provides improved accuracy, it is normal for each measurement 
taken in this manner to have a 6cm error bar on its vertical position, whilst under similar 
conditions one would expect to find an error bar of about 3cm using a total station 
(Alberda, 1991). This indicates that although the GPS system offers the user more data 
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points, the resolution is lower compared to a total station. Continual advance in satellite 
receiver technology has improved significantly on this error band. Morton e( al (1993) 
reported differences between total station and GPS surveys of between 0.1cm and 1.7cm. 
7.5, L1 Technique limitations 
There are a number of constraints to the application of survey data for obtaining transport 
rates. Firstly there is the question of surveyability of the area. It is important to survey as 
large an area as possible since only the area surveyed wil l contribute to the final answer. 
This is especially a problem in the cross-shore direction where the extent of most profiles is 
restricted usually to wading depth. This has been resolved sometimes by using bathymetric 
survey methods to extend the profiles (Fleming and Pinchin, 1986). However, the 
bathymetric survey is then often conducted at a different time and using a different method, 
making it difficult to tie in with the topographic survey. 
In addition there are also problems inherent in those basic assumptions behind the method. 
In particular, when the drift is cut o f f by a shore normal barrier, the beach usually reorients 
itself with sediment being piled up against the obstruction in a concave configuration 
upstream and forming an erosion bay on the downstream end. This is essentially a local 
reorientation of the beach face which wil l influence the longshore transport rate. 
Furthermore, calculations of longshore transport rates based on transect data normally 
show that the transects close to the shore normal obstruction vary little, suggesting that 
there is zero volume change in those areas (Greer and Madsen, 1978). Longshore transport 
rates always require some distance downstream or upstream fi'om an obstruction to reach 
their equilibrium values. Bodge and Kraus (1991) suggest that impoundment techniques 
are subject to significant errors in transport measurements (10 to 100%) due to spurious 
trapping unrelated to the actual longshore transport. The advantage of the technique is that 
it is theoretically applicable to all classes of sediment size. In fact, the impoundment 
technique may be well suited for studying the longshore transport rates on shingle beaches 
in view of the normally negligible offshore losses of shingle (Nicholls and Wright, 1991). 
Aside from the issue of spurious trapping there is also the accuracy of the instruments used 
to obtain the measurements. Inaccuracies in fixing the spatial position of each survey 
sample point results in a certain volume of sediment which can not be accounted for. 
Bodge and Kraus (1991) state that these type of measurements using traditional survey 
equipment can result in errors of the order of 100% of the actual longshore transport rate. 
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When incorporating survey data into a DEM it becomes even more difficult to maintain a 
high degree of confidence in data reliability. Apart from the obvious survey inaccuracies on 
each individual measurement inherent to the instruments used, the quality of the DEM will 
to a large extent depend on the density and distribution of the sample points (Li , 1988, 
1992), the way in which the measurements were taken (Li , 1992), the characteristics of the 
terrain being represented by the DEM (Fryer et al., 1994) and last, but by no means least, 
the interpolation method used for the construction of the DEM (Desmet, 1997). The 
interpolation (e.g. linear, kriging, etc.) is needed to generate points in-between the sampled 
points to then create the 3D representation of the terrain. Since there is no physical 
underlying basis behind the interpolation this is considered to be a weak link. Careful 
interpretation is therefore needed when taking results from DEMs to derive transport rates. 
Since conducting a large scale topographic survey is time-consuming, these type of 
measurements are rarely taken at a lime scale close to tidal resolution. As a result, the 
environmental parameters such as wave height etc. are often poorly monitored, resulting in 
a rather sketchy picture of the surf zone/ beach conditions over the period in-between 
surveys. This results in spatial and temporal smearing of the net longshore transport signal 
(Kamphuis, 1992; Bodge and Kraus, 1991). Though this may have its benefits in that it 
helps to suppress noise in such a signal, it also makes it more difficult to relate a specific 
transport rate to corresponding surf zone conditions. 
7.5.2 Tracer data 
Disregarding the study of natural tracers which is often used for the qualitative study of 
sediment pathways, the tracer method for measuring sediment transport consists of making 
artificial, or tagging existing, sediment particles, which are deemed to be representative of 
the sediment in the area under study. The tracers are then (re-)injected into the system in 
such a way that their subsequent movement can be expected to be representative of the 
sediment in the area, and their movement tracked through the system. Over the duration of 
such an experiment it is assumed that the tracer has the same properties as the indigenous 
sediment, the tracer does not leave the study area, tracer movement is independent from the 
way in which it was introduced into the system and the system remains stationary during 
the experiment. 
Over the years several methods for generating tracers have been developed: coating 
particles with fluorescent dye (Knoth and Nummedal, 1977), tagging using radioactive 
material (Heathershaw and Carr, 1977), glass particles (Heathershaw and Carr, 1977), 
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aluminium particles (Wright et al., 1978), artificial electronic tracers (Workman et al., 
1994), etc. Some of these methods are clearly more desirable than others. Tlie best method, 
which was also employed in this study by means of using individually numbered 
aluminium and electronic tracers, is to tag the particles in such a way that they are 
distinguishable from the local sediment and from each other so that differentiation of 
preferential transport according to grain size is also detectable. 
There are different methods in which the outcome of tracer experiments can be interpreted. 
First there is the differentiation to be made between qualitative results or quantitative 
results. I f only qualitative results are desired the method used is based on plotting iso-
concentration lines on a topographic chart of the area. This way, the general transport 
direction, sediment sinks, sediment pathways etc. can be identified. For the evaluation of 
actual transport rates a more quantitative approach is needed. The method adopted in the 
present study was the space integrated technique and for coastal applications, especially on 
shingle or gravel beaches, it is probably the most practical approach. A number of tracer 
concentration plots relating to successive hydrodynamic events are put together, and a 
value can be attributed to the velocity with which the tracer moves through the system 
(Nicholls and Wright, 1991). To calculate the actual transport rate, the ensuing method is 
used as a basis from which some alterations have been made by different authors. A 
reference grid system is placed over the area of interest as shown in Figure 7-4. This grid 
normally follows a similar convention to the one shown in the figure where the x-axis is at 
a right angle to the direction of the predominant sediment movement (e.g. the longshore 
transport direction) and such that all the transport is enclosed between x = 0 and x = 
x max. As a rule, under coastal conditions the average velocity with which the sediment 
grains move alongshore {V) and the transport thickness (b) wi l l vary as a fiinction of x. The 
rate of longshore immersed weight transport over a segment Ax can subsequently be 
calculated as: 
M = {s~\)pgaV{x)b{x)6x (7.23) 
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Figure 7-4 Schematic top view representation of the space integrated method. After 
Nelson and Coackley (1974). 
in which s is the ratio between the density of the solid and the density of the fluid, p is the 
fluid density, g is the gravitational acceleration, a is the ratio of solid volume to the total 
volume and V(x) and b(x) are the velocity of the tracer and the thickness of the moving 
layer across the secdon Ax respectively. Given that the volumetric and the immersed 
weight transport rate can be related to each other by the following formula: 
/ 
Q= (7.24) {s-\)pga 
the total volumetric transport rate summated across the x range can we expressed as: 
- V{x)b{x)dx (7.25) 
Dependent on the homogeneity of the hydrodynamic conditions, the determination of the 
velocity of the tracers can be a difficult task. Ideally one should have several injection sites 
along the x axis. However, this then introduces the problem of how to differentiate between 
tracers fi^om different injection sites and how to keep them from interfering with each 
other. Suggested approaches are the use of adequately spaced injection sites, different 
tracers in different injection sites and injection at different points in time. When used on 
macro-tidal beaches, the time over which each tracer is immersed also has to be taken into 
account. In general the longshore velocity of one centre of mass is determined using the 
follov^ng type of formula: 
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^ lyc{y,t)dy 
(7.26) dt 
in which K represents the longshore velocity of the mass centroid of the tracer and c(yj) the 
concentration of tracer as a ftinction of longshore position y and time /. When dealing v^nth 
the individually identifiable aluminium and electronic tracers used in this study, the method 
is refined down to calculating the immersion time of each tracer. The thickness of the 
moving layer was established from the disUirbance depth of a tracer-filled core (King, 
1951). I f more than 95% of the tracers had moved, the thickness of the moving layer was 
taken as the average of the vertical position between the shallowest tracers which remained 
immobile and the deepest which did move during the experiment (Bray, 1996). I f average 
values are used for the centroid velocity and the thickness of the moving bed layer. 
Equation (7.25) can be simplified to read (Komar, 1969): 
Q-y.b^x, (7.27) 
in which Q is the volumetric transport rate, is the average centroid of mass velocity and 
bm and XB are the average thickness and width of the moving bed layer respectively. 
7,5.2,1 Technique limitations 
The tracer technique requires the system to be stationary, as such it is an event-driven 
technique most suited for the quantification of short-term transport . This may make it 
difficult at a later stage when outcomes from the tracer experiments are used for long term 
sediment transport predictions. Since all data is related to a very short period in time, the 
sampling methodology and intensity used become of paramount importance {i.e. grab 
sample, manual location, etc.). Kraus et al (1982) conducted a series of multicoloured 
fluorescent sand tracer experiments to obtain values for the K-coefficient in the SPM 
formula, sampling a grid between two and four times over the course of each 2- or 3-hour 
experiment. They employed from 20 to 40 divers to accurately and quickly acquire a large 
amount of samples, but still found that the longshore drift predictions derived from the 
tracer studies could be in errors by a factor of four. The experiment also indicates the 
labour intensiveness of a tracer experiment. Bodge and Kraus (1991) suggest that tracer 
experiments of low labour-intensity may have larger errors. Tracer experiments for larger 
diameter grain sizes in which each tracer is located individually may be less sensitive to 
this type of error. 
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A concern identified by Nicholls and Wright (1991) is the representability of the tracer 
regarding the total indigenous sediment population on the beach or study area. I f only a 
subsection of the indigenous sediment population is represented by the tracer the results are 
inevitably going to be biased. This is especially the case on mixed beaches. This problem 
can possibly be alleviated by opting for hybrid techniques using both artificial tracers and 
tagged local sediment. However, these techniques may-make the clear definition of a 
centroid of mass or depth of moving layer even more difficult, since the expected total 
displacement length for each individual tracer element wi l l decrease rapidly with grain size 
(Wilcock, 1997). 
A considerable part of the uncertainty in tracer experiment derived transport rates is 
attributed to the inability to detect the tracer in the study area (Harrington, 1986; Chadwick 
1990; Kamphuis, 1992) and thus efficiently determine the vertical and lateral limits of the 
true transport (Dean et al., 1982). Even i f the assumption that no tracer leaves the study 
area during the experiment is not violated, there is always the possibility that certain 
amounts of tracer are not found (e.g. sampling in the wTong position (Nelson and Coakley, 
1974), limitations in depth of detection (Workman et al., 1994). Van Wellen et ai (1998) 
evaluated the tracer derived transport rates at Shoreham Beach and compared them against 
expected rates and found discrepancies similar to those found by Bodge and Kraus (1991). 
As yet no statistical method has been presented to determine what tracer percentage needs 
to be recovered to have a truly representative experiment. 
Continuous beach elevation measurements were made during the course of a tidal cycle by 
the HR Wallingford Scour Monitor (or Tell Tail) system on Shoreham and Lancing beach 
(1996 and 1997 respectively), together with a manual wading survey made on Lancing 
beach during that same year. The results indicate that the method of determining the depth 
of disturbance with the aid of core(s) made up of tracer, as used by amongst others King 
(1951) for sand beaches and Bray (1996) on shingle beaches, is, in fact, invalid for a 
shingle beach (Stapleton et al., 1999). The measurements taken at Lancing on JD 311, Tide 
No, 131 show a rolling berm being pushed up the beach as the tide moves in (see Figure 7-
5) and being pulled down again as the tide resides. 
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Figure 7-5 Subsequent profile plots of a "rolling berm" moving up the beach during a 
rising tide. Taken from measurements made at Lancing JD 311, Tide No. 131. 
This movement results in an apparent far deeper disturbance of the tracer cores (due to 
cross shore sediment movement) and a potential deeper burial of the moving tracer. 
However, there is no justification in taking this depth of disturbance due to the movement 
of this rolling berm as the depth of disturbance to be used in the calculations of the 
longshore transport. 
7.5.3 Trap data 
Data acquisition using sediment traps consists of trapping the sediment at a spatially 
defined location over a given period of time, followed by a quantitative volumetric or 
weight measurement and, possibly, a grain size analysis of the trapped sediment. The traps 
used in such experiments come in many different shapes and sizes and can be either semi-
permanent constructions or mobile in nature. Since the method has a lot in common with 
the impoundment technique described earlier, a lot of the assiunptions made by this 
technique are similar. The trap is assumed to be a hundred percent effective in the 
continuous trapping of sediment (in the direction the trap is deployed in) without 
interfering with the hydrodynamics or bathymetry in the vicinity of the trap. Sediment 
obtained during the trapping experiment should not be released back into the system by the 
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trap until it has been measured. The trap is deployed in such a way that the open or trapping 
side is facing the direction in which one wants to investigate the sediment transport. This 
can be achieved by means of fixing the traps on the beach face by anchoring techniques 
(Chadwick, 1989) or attaching the traps to existing structures such as groynes, piers, jetties, 
etc. (Morfett, 1989a, b; Coates, 1998). Care needs to be taken in assessing the effective 
sediment collection time of each trap, since the time for which a trap is immersed, and the 
water depth, wil l affect the amount of sediment collected by the trap. Some researchers 
have solved this by using instantaneous traps where the time they capture sediment can be 
controlled remotely (Kana, 1977; Thornton and Morris, 1977). A more straightforward 
method, which achieves the same goal, is to use a mobile trap such as NESSIE (Van 
Wellen et ai, 1997) which on the assumption of temporal stationarity can be used to give 
the user an almost instantaneous transport rate. This is definitely an improvement which 
can contribute to the reliability of trap data. 
7,53.1 Technique limitations 
Although the method of turning trapped volumes into transport rates is fairly 
straightforward there are a number of inherent uncertainties in the data. It is likely that a 
trap wi l l interfere with the surrounding hydrodynamic conditions and/or bathymetry to 
some extent. Observations have been made (Chadwick, 1989, 1990) of longshore traps 
being washed away as the beach profile evolves, or of interacting with the bed in such a 
way that locally trap-generated berms prevent the trap firom catching any more material. A 
weak point in obtaining bulk rate total transport rates fi-om (semi-)permanent traps is that in 
most cases a transport distribution has to be assimied. These distributions are often 
obtained from laboratory experiments and are predominantly only truly valid for fine 
grained sediment under a narrow band of hydrodynamic conditions. Coarse grained 
sediment transport distribution curves which have been obtained from laboratory 
experiments using anthracite as the model sediment {e.g. Coates, 1994) may not always 
correspond with distributions observed in the field. A larger database of transport 
distribution measurements under prototype conditions may help to alleviate this problem in 
the future. 
There is also a potential problem with spurious trapping of material such as marine flora, 
debris etc. which is not representative of the local sediment and can lead to false transport 
rates. In addition, sediment caught by a trap is related to the impoundment characteristics 
of that particular trap, i.e. the size of the mesh for example wi l l determine the size of the 
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smallest particle that can be stopped by the trap. Other authors have noticed bed mounted 
traps on shingle beaches may be washed clear of the trapped sediment as the tide recedes, 
or be left standing proud of the bed as the profile at the trap location is eroded (Bray et al., 
1996). Movable traps normally do not suffer from the latter problems since their position 
can often be adjusted to the bathymetry. Given the assumption of stationarity and the 
limited volume which can be caught by a trap, trap data is event driven and as such care 
needs to be taken when extrapolating long term bulk transport rates from it (Bodge and 
Kraus, 1991). 
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CHAPTER 8 
INTERCOMPARISON OF ANALYTICAL LONGSHORE 
TRANSPORT FORMULAE 
8.1 Introduction 
An in-depth understanding of and the abilit>' to predict accurately the longshore transport 
rate in the coastal area are of paramount importance when designing and evaluating coastal 
structures such as harbour entrances, breakwaters, navigation channels, temporary trenches 
and beach recharge schemes. To date, the bulk of analytical total longshore transport rate 
predictions have been based on the SPM equation. Similarly, the majority of longshore 
transport equation review papers have dealt with variations of the SPM formula (e.g. 
Schoonees and Theron, 1994) or have been aimed solely at fine grain sediment (e.g. 
Fleming el al., 1986). Only on very few occasions has an extended number of formulae 
been compared using the same or similar datasets (Schoonees and Theron, 1994, 1996). 
Furthermore, the bulk of the formulae have been developed for sand, and Schoonees and 
Theron (1993) identified the gap in available field data for beaches with a D50 > 0.6mm. 
Overall, the limited number of formulae available for predicting transport on coarse grain 
beaches have rarely been verified against high quality field data; and to date no review of 
this nature concerning bulk longshore transport equations for coarse grain sediment has 
been published. The ensuing section wil l compare a number of existing bulk longshore 
transport rate formulae, together with a number of newly developed ones (see Chapter 3), 
using measured short and long term data and synthesised data. 
8.2 Selection of the predictive longshore transport equations to be compared 
Selection of formulae for this comparison was based on a number o f factors. Firstly, 
representatives were selected from all three approaches used in sediment transport 
prediction, as previously given in Chapter 2 (i.e. energetics, force-balance and dimensional 
analysis based approaches). Secondly, the selection consists almost entirely of formulae 
which have been used for coarse grained sediment in order to ensure a high degree of 
relevance to the study at hand. Finally the selections were based either on their long 
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standing use or their new approach to the analytical prediction of the Total Longshore 
Transport (TLT). Apart from the new equations introduced in Chapter 3, the majority of 
equations included in this study are being used within the engineering community for the 
prediction of longshore drift. Formulae which yield results in terms o f immersed weight 
have been converted to give a volume rather than weight. 
The formulae in question can be grouped as: 
Identification Equation 
Number 
Abbreviation 
Used 
Comments 
Energetics 
Enerev flux aoproach 
BPSM 
SPM/CERC, 1984 
SPM/CERC, 1984, 1990 
SPM/CERC, 1984, 1990 
Stream power approach 
Bailard, 1984 
Bailard, 1984 
Morfett, 1988 
(8.1) 
(2.20) 
(2.25) 
(2.26) 
(2.20,31) 
(2.20, 32) 
(2.36) 
BPSM 
CERC 
CERCt 
CERCf 
BAILa 
BAILb 
MORF 
K = 0.0028 
K = 0.0527 
using a threshold of motion 
term, K = 0.0696 
using field vahdation , K -
0.0366, PlsO= 13.9W/m 
including potentially 
suspended transport 
disregarding potentially 
suspended transport 
Forcc-t iilancc 
Damgaard and Soulsby, 1996 
Extended Wilson, 1966 
Extended Wilson, 1966 
Extended Wilson, 1966 
(2.40) 
(3.16) 
(3.33) 
(3.33, 37, 
39) 
DS96 
VWal 
VWa2 
VWa3 
assumes no horizontal mixing 
using a velocity distribution 
according to Longuet-Higgins 
(1970) 
using a friction coefficient 
based on Fleming and Swart 
(1982) 
Dimensional Analysis 
Modified Delft, 1982, 1990 
van der Meer, 1990 
Kamphuis et al., 1986 
Kamphuis, 1991b 
Schoonees and Theron, 1996 
Schoonees and Theron, 1996 
Extended Chadwick, 1991 
(2.49) 
(2.51) 
(2.53) 
(2.54) 
(2.55) 
(2.57) 
(3.44) 
MDELFT 
VDM90 
KAM86 
K A M 9 i 
SCHa96 
SCHb96 
VWb 
for exposed sites 
for protected sites 
Table 8-1 Overall categorisation table of the selected formu ae. 
The BPSM equation is a bulk longshore transport equation which has been used by Sir 
William Halcrow and Partners (Consulting Engineers) in their one line shoreline evolution 
model. The equation is essentially a modified version of the SPM equation and has 
subsequently been adapted for shingle by Chadwick (1990) and reads: 
2 
sin26'. (8.1) 
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in which Q is the volumetric rate o f longshore transport [m3/s], K is the proportionality 
coefficient, Co is the deep water wave celerity, Hrmsbr is the root mean square wave height 
at breaking and Ot is the wave angle at breaking. 
8.3 Intcrcomparison of formulae performance against field data 
8.3.1 Reliabilit>' of current predictions 
A number o f equations rely on predicted nearbed current velocities inside the surf zone to 
produce transport rates. A comparison was made between currents measured at the 
Shoreham Beach f ield site and current predictions based on both Longuet-Higgins (1970) 
and Fleming and Swart (1982). The parameters required for predictions o f current 
distribution curves were obtained f rom the I W C M at Shoreham together wi th sediment 
sieving analysis from the relevant dates as given in Table 8-2. 
22/10/1996 JD296 24/10/1996 JD298 
Hsb 0.5m I m 
T p 10s l i s 
db 0.64m 1.28m 
5.65m 11.26 
D90 0.0329m 0.0266m 
Dso 0.0118m 0.00829m 
lana 0.1136 0.1136 
Ob 
30 3** 
Table 8-2 Input for the current profile predictions for Julian Days 296 and 298. 
In order to compare the predicted and measured currents, the assumption o f temporal 
stability is made. This means that the current measured under a certain depth o f water is 
assumed to be characteristic for that depth o f water, regardless o f time and the state o f the 
tide. Using the input f rom Table 8-2 but replacing the values for D90 and D50 w i th 0.002m 
and 0.001m respectively, an estimate is also made as to how the use o f a variable drag 
coefficient as suggested by Fleming and Swart (see Chapter 3), affects the prediction o f the 
longshore current. Figure 8-1 shows that Longuet-Higgins's solution considerably 
overpredicts longshore currents on steep coarse grained beaches inside the surf zone. In 
contrast, outside the surf zone the measured values are higher than the predicted ones. This 
may be because the theory takes only wave-induced currents into account whilst outside the 
surf zone tidal currents may have a considerable influence on the measured values. 
Ar t i f ic ia l ly decreasing die grain size (and thus the roughness) moves the predictions made 
using Fleming and Swart (1982) in the direction o f those made by Longuet-Higgins under 
the same circumstances. These observations suggest that incorporating Fleming and Swart's 
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(1982) suggestion o f a variable drag coefficient is likely to yield more reliable transport 
predictions than using Equation (3.33) on its own. However, Figure 8-1 also suggests that 
longshore current velocity predictions on steep beaches are prone to a considerable degree 
of uncertainty; this uncertainty may leave those sediment transport equations which rely 
heavily on such predictions (e.g. Inman and Bagnold, 1963; Equation (3.16) and Equation 
(3.33)) prone to large errors. 
Prodlctod longshore curront profllo comparod to mcasurod values 
0.7 
1) Longuet-Higgins (1970). JD 296. 1! 
2) Longuet-Higgins (1970). JD 298. 1996 
3) Fleming and Swart (1982). JD 296. 1996 
4) Fleming and Swart (1982). JD 298. 1996 
5) Fleming and Swnrt (1982). JD 296. 1996. = 2mm 
6) Fleming and Swart (1982). JD 298. 1996, Dgo = 2mm 
o currenl measurernents made on J0296, 11 
o current measurements made on JD293. 11 
1 1.5 2 
Rolatlvo cross shore distance {-xJxt) [ J 
Figure 8-1 Comparison o f predicted and measured currents at Shoreham Beach. 
8.3.2 Measured mean annua! longshore transport rate 
In the description o f the field site it was indicated that Shoreham Beach is situated towards 
the west o f the Shoreham-By-Sea harbour wal l . The presence o f this impermeable 
structure, which extends about 200m into the sea, combined wi th the fact that Shoreham 
Beach consists o f a mixed shingle beach overlying a sandy terrace, lends weight to the 
assumption that the harbour arm acts as a cut -off point for eastward sediment transport on 
Shoreham Beach. This assumption is supported also by the fact that the beach has been 
steadily accreting against the wall at a mean annual rate o f 15000-20000m^ since 
construction (Chadwick, 1989). This indicates a steady net eastward dr i f t o f sediment. 
Chadwick (1990) improved on this figure by analysing the data obtained f rom the annual 
aerial surveys o f the area conducted by the Southern Water Authority ( S W A ) (see Figure 8-
8). The aerial siu-veys o f the Sussex coastline have been conducted on an annual basis since 
1973 and fo rm part o f a database, together wi th photogrammetrically derived statistical 
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analysis o f the trends in beach line fluctuations and changes in cross-shore area*. Chadwick 
calibrated the numerical model o f beach plan shape evolution, using data f rom 1973 to 
1984. He found a stable point between transects 345 and 346 and a mean volume accretion 
of 14539m^ per annum. Assuming that the Shoreham harbour wall acts as a hundred 
percent effective barrier, Chadvvick concluded that the mean annual transport must be in 
the order o f USOOm"'. Based on bypass rates, Wilson (1996) suggested a similar net beach 
drif t o f 15000-20000mVa f rom the west to the east, resulting in shingle accumulation 
against the harbour wal l . 
o j CO t o CQ 0 0 n r » 
* - O O O M CM CJ O ( f t O l CO N CO , 1 " l 
m oi V 0 0 oi ui o C O V u>ffl O) ^ T ) ' 
* * r - t o i f t ^ « C M - ^ o < n o o t - « ) « o 
CO 
Figure 8-8 Modif ied extract f r om Admira l ty 
Chart 2044 showing the location o f the S W A 
survey sections and base line. Taken from 
Chadwick (1990). 
The term cross-shore area refers to the vertical area enclosed by a cross-shore orientated transect, an vertical reference 
line and a horizontal reference line. 
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8.3.3 Prediction of the mean annual longshore transport rate 
In order to predict the annual longshore transport rate a suitable representative set o f input 
parameters needs to be selected. Based on studies conducted on the beach in previous 
years, suitable values were selected for the parameters given in Table 8-3. The 
hydrodynamic input parameters i.e. wave height, period, direction and frequency o f 
occurrence wi th in a representative year were obtained using hindcast offshore wave data 
based on a wind dataset covering a four year period between May 1980 and August 1984 
(Chadwick, 1990). The fact that this period is also covered by the S W A beach surveys 
increases the level o f confidence with regards to the comparison o f the predicted and 
measured transport rates. This offshore wave data was then brought inshore using HR 
Wallingford's standard back tracking ray model which uses linear wave theory. The 
resulting list o f hydrodynamic input values then obtained is presented in Table 8-4. The 
advantage o f this approach is that the calculated mean annual longshore transport is based 
on a frequency distribution o f the hydrodynamic conditions which are encountered during a 
year. This should produce a more realistic transport rate prediction. 
Parameter: Value: 
Dso = 0.02m 
D90 = 0.04m 
e = 0.47 
n = 0.32 
P = 1030kg/m^ 
Ps = 2650kg/m^ 
mean beach orthogonal orientation = 181° 
tana = 1/8.8 
water temperature = 10° 
Table 8-3 Basic environmental parameters for the 
calculation o f the mean annual transport rate. 
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Bearing 
offshore 
Frequency Ho Tz Lo eo Hb db eb 
[%] [m] [s] [m] n [m] [m] n 
90 2.71 0.11 3.37 17.50 -44 0.14 0.18 -10.09 
90 1.96 0.34 3.83 22.31 -44 0.37 0.48 -14.53 
90 0.24 0.57 4.29 27.56 -44 0.60 0.78 -16.93 
90 0.02 0.80 4.75 32.51 -41 0.86 1.10 -17.71 
120 3.25 0.17 3.37 17.50 -34 0.20 0.26 -9.74 
120 2.38 0.50 3.83 22.31 -34 0.54 0.69 -13.92 
120 0.82 0.84 4.29 27.56 -34 0.88 1.12 -16.14 
120 0.24 1.15 4.75 32.51 -33 1.21 1.56 -17.24 
120 0.04 1.46 5.22 37.51 -33 1.55 1.97 -18.36 
120 0.04 1.79 5.68 42.48 -32 1.90 2.46 -19.19 
150 1.85 0.21 3.37 17.50 -22 0.25 0.33 -7.23 
150 0.92 0.62 3.83 22.31 -22 0.67 0.86 -10.30 
150 0.92 1.04 4.29 27.56 -22 1.09 1.41 -11.89 
150 0.25 1.40 4.75 32.51 -22 1.48 1.91 -12.89 
150 0.12 1.75 5.22 37.51 -22 1.87 2.39 -13.66 
150 0.03 2.09 5.68 42.48 -22 2.24 2.84 -14.35 
150 0.03 2.47 6.14 47.70 -22 2.65 3.39 -15.25 
150 0.00 2.85 6.60 52.12 -22 3.04 3.92 -15.99 
180 2.07 0.22 3.37 17.50 -4 0.27 0.34 -1.38 
180 0.96 0.65 3.83 22.31 -4 0.71 0.91 -1.96 
180 1.07 1.08 4.29 27.56 -4 1.15 1.49 -2.26 
180 0.80 1.38 4.75 32.51 -6 1.50 1.91 -3.57 
ISO 0.77 1.73 5.22 37.51 -7 1.88 2.42 -4.43 
180 0.55 2.09 5.68 42.48 -8 2.27 2.92 -5.32 
180 0.13 2.47 6.14 47.70 -8 2.68 3.46 -5.66 
180 0.02 2.85 6.60 52.12 -9 3.09 3.92 -6.60 
210 3.62 0.20 3.37 17.50 13 0.25 0.31 4.25 
210 1.84 0.58 3.83 22.31 13 0.65 0.82 6.03 
210 2.03 0.98 4.29 27.56 13 1.05 1.35 6.98 
210 2.10 1.31 4.75 32.51 1 1 1.43 1.82 6.38 
210 2.51 1.64 5.22 37.51 10 1.79 2.31 6.19 
210 1.42 1.92 5.68 42.48 8 2.12 2.71 5.17 
210 0.83 2.21 6.14 47.70 7 2.44 3.14 4.75 
210 0.30 2.51 6.60 52.12 5 2.77 3.55 3.52 
210 0.01 2.89 7.07 56.99 5 3.17 4.03 3.69 
240 3.63 0.15 3.37 17.50 24 0.19 0.24 6.77 
240 5.44 0.44 3.83 22.31 24 0.49 0.63 9.67 
240 6.61 0.73 4.29 27.56 24 0.80 1.03 11.20 
240 3.47 1.00 4.75 32.51 22 1.11 1.43 11.28 
240 1.81 1.26 5.22 37.51 20 1.41 1.82 11.02 
240 1.00 1.51 5.68 42.48 18 1.71 2.17 10.44 
240 0.27 1.76 6.14 47.70 17 1.98 2.56 10.45 
240 0.01 2.03 6.60 52.12 15 2.29 2.92 9.62 
270 5.87 0.09 3.37 17.50 29 0.13 0.16 6.68 
270 4.85 0.28 3.83 22.31 29 0.33 0.43 9.60 
270 1.28 0.46 4.29 27.56 29 0.54 0.69 11.08 
270 0.55 0.65 4.75 32.51 27 0.76 0.98 11.49 
270 0.06 0.81 5.22 37.51 25 0.96 1.22 11.34 
270 0.00 0.99 5.68 42.48 23 1.18 1.50 11.15 
Table 8-4 Expected long term hydrodynamic conditions at Shoreham-By-Sea. 
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Using the selected longshore transport equations and the input from Table 8-3 and Table 
8-4, Figure 8-9 was constructed. In this graph the grey band depicts a margin o f SOOOmVa 
imposed on the expected annual longshore transport o f 15000mVa. 
The general trend o f the existing equations appears to be to overpredict the armual 
longshore transport. Tt is interesting to note that K A M 9 1 , which has been termed "the most 
accurate longshore transport equation" (Schoonees and Theron, 1996), does not give a 
significantly better prediction than the modif ied Delft equation ( M D E L F T ) or the van der 
Meer 1990 ( V D M 9 0 ) . Although all three equations take grain size into consideration and 
have been said to be applicable to field conditions (Kamphuis, 1992; van H i j u m and 
Pilarczyk, 1982), they share the common characteristic o f having been validated against 
laboratory data. The fact that laboratory experiments are always prone to scale effects and 
that at best the laborator>' can only give a representation o f the prototype means that solely 
basing transport equations on, or validating, against laboratory data may reduce their 
validity for prototype sediment transport predictions. Schoonees and Theron's adaptations 
of the Kamphuis 1991 equation (SCHa96 and SCHb96) do lower the predicted rate but fail 
to improve it beyond the level obtained by the Kamphuis 1986 equation. 
The grey band in Figure 8-9 can be used to calibrate the equations V W a l , VWa2 and 
VWa3 and equation V W b . The graph shows that the uncalibrated versions o f equations 
V W a l and VWa2 overpredict the transport. In order to obtain values for a proportionality 
or calibration coefficients Km it suffices to divide the expected annual transport rate by 
the uncalibrated predicted annual transport as given by V W a l and VWa2 respectively. 
Dividing the expected transport rale o f I5000m^/a by the transport rates predicted by the 
equations suggests the fo l lowing values o f Kyiy to be used in front o f equations V W a l and 
V Wa2 respectively: 0.1249 and 0.038. These coefficients suggest that the predictions o f the 
three equations need to be divided by approximately 8 and 26 respectively. It is interesting 
to observe that these values are not dissimilar form the numerator o f 12 used by DS96 
(Damgaard and Soulsby, 1996). The Longuet-Higgins (1970) velocity distribution, used in 
VWa2, appears to result in a large overestimation o f the transport. The distribution 
adjusted by Fleming and Swart (1982), used in VWa3, gives a by far smaller estimate for 
the longshore transport, which is why this equation was not adjusted to match the expected 
transport rate o f ISOOOmVa. This is in keeping wi th the comparison between the predicted 
velocity distributions and the field measurements above which suggested that the Fleming 
and Swart (1982) distribution would be more likely to give a better fit. The value predicted 
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by V W b falls well within the expected range o f possible transport rates and as such the 
equation is not adjusted by an additional calibration coefficient. This equation was 
expected to do well since the BORESED model which it is derived f r o m was calibrated 
against data from Shoreham beach. 
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Figure 8-9 Expected Total Longshore Transport ( T L T ) predictions based on the long 
term hydrodynamic input. 
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In view o f the influence that beach orientation can have on the longshore transport, a brief 
study was made to gauge the importance o f using an accurate value for the mean beach 
orientation angle. In order not to bias the tests, all equations have been normalised against 
the predictions made when no rotation o f beach orientation angle was introduced (see 
Figure 8-9) and subsequent predictions have then been expressed as a percentage change 
from the original prediction. 
Although it is unlikely to get the average beach orientation wrong by as much as 11°, it 
does accentuate the trends. From Figure 8-10 and Figure 8-11 it is clear that the Bailard 
(1984) formulae BAILa and B A I L b are by far the most sensitive to alterations in the beach 
angle. This is perhaps not surprising since in these two sediment transport models the 
influence o f the wave angle at breaking is not only present in the calculation o f the 
alongshore wave power but, in addition, the proportionality coefficient, K , is dependent on 
sm20b to the power two. The sensitivity to wave angle o f the Bailard formulae is mirrored 
almost exactly by the V W a l and VWa2 formulae where it is a result f rom the strong 
dependence o f the velocity distribution on wave angle. The equation based on Chadwick's 
BORESED model display a similcir sensitivity. This is again not surprising since the angle 
between the beach orthogonal and the wave ray is raised to the power 1.81, making the 
equation moderately sensitive to alterations in beach orientation. The models least sensitive 
to wave orientation are SCHa96 and SCHb96. 
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In conclusion, it is worth noting that deviation in beach angle toward the west (positive 
deviations) seem to have less effect on the predicted transport rates than deviations to the 
east (negative deviations). This apparent paradox can be explained and finds its relevance 
in estimating which type o f error is to be expected on the predicted transport. Since the 
majority o f waves in the Shoreham-By-Sea area come from the Southwest (see Table 8-4 
and Figure 8-12), rotating the beach orthogonal to the west means that most o f the waves 
w i l l hit the beach more normally than otherwise, thus decreasing the longshore transport. 
Likewise a rotation o f the beach orthogonal to the east means that the waves hit the beach 
more parallel, thus allowing for a potentially higher transport rate. A similar effect is seen 
in the field when observing the sediment build-up against a groyne or breakwater. Initially, 
sediment builds up rapidly but as the sediment piles up and starts to f o r m a beach head 
with an orthogonal which is almost identical to the orientation o f the incoming waves, the 
sediment transport reduces to almost negligible amounts. 
Total Longshora Transport 
12 
CZITotal Lonoshoro Transport (according 
to cena) [m-a/aj 
Frequency of occurence 
Bearing H 
Frequency 
25 
Figure 8-12 Total longshore transport predictions obtained using 
CERCt, based on the long term hydrodynamic input and divided 
according to original offshore bearing. 
This short sensitivity analysis indicates that even when using long term wave data it is 
worth varying the beach orientation and running the models again for a range o f beach 
orientations. The reason for this is twofold . Firstly it gives the engineer working on a 
coastal design project the possibility o f putting some error bars on the prediction o f 
expected longshore transport based on the accuracy with which the initial beach and/or 
wave orientation were determined. Secondly, using the analytical models with long term 
hydrodynamic data input and a selection o f varying beach orientations gives the practising 
180 
Chapter 8 Longshore Transport Formulae 
engineer a feel for what the impact on sediment transport in a certain area may be when 
beach orientation is altered by c iv i l engineering projects. 
8.3.4 Evaluation of longshore transport predictions against short and medium term 
field measurements 
The data for this intercomparison were collected during the field campaign at Shoreham 
1996. These data consist o f comprehensive field measurements o f hydrodynamic 
conditions and concurrent sediment transport. The data are used to evaluate the 
performance o f the selected analytical T L T equations and also al low for a comparison 
between the independent techniques used to measure the sediment transport. 
The two methods o f measuring the sediment transport during this phase o f the field work 
and used in this comparison were tracers and volumetric changes as observed using the 
GPS survey equipment. The results obtained f rom calculating the volume changes o f the 
beach based on topographic surveys along the i .5km o f the open beach were recast to give 
transport rates in the same area as where the tracers predicted transport rates. In order to do 
this, surveys consisting typically o f 3500 and 5000 recorded points were used as the input 
for a topographic modelling system to create a D E M (Digital Elevation Model) f rom the 
irregularly spaced data. This in turn allows subsequent volumetric analysis o f the GPS data. 
For this purpose, individual blanking files for five different areas were set up (blanking 
files allow a particular section o f the beach to be separated f rom a larger grid file). The 
volumetric differences were then fed into a finite difference scheme which allows 
calculation o f the T L T rale at the location where the tracer experiments took place (jc on 
Figure 8-13). 
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Figure 8-13 Schematic o f the o f finite difference scheme for the 
volumetric survey data 
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During the 1996 field work at Shoreham a wide range o f hydrodynamic conditions was 
encountered as shown on Figure 8-14. Transport measurements undertaken during this 
field work campaign were spread over the entire duration o f the deployment to ensure an as 
wide as possible coverage o f the hydrodynamic conditions encountered during the study 
period (Figure 8-15). Since the injection and subsequent recovery o f tracers were separated 
by a relatively short time period the • and A symbols on Figure 8-15 indicate the mean 
of the time interval between an injection and a recovery whilst the T symbols indicate the 
actual moment in lime when a survey took place. 
Daity average H^ ^ 
Daily average 
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Figure 8-14 Nearshore wave conditions during the 1996 field experiment. 
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The data obtained f rom the different measurements indicated in Figure 8-15 are worked up 
to average transport rales [m^/s] between two tracer searches or two surveys. These 
transport rates are represented in Figure 8-16 and summarised in Table 8-5. A negative 
number indicates westward transport and a positive number indicates eastward transport. 
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Time 
[JD] 
Q l s GPS 
[mVs] 
Q l s Electronic 
Tracers 
fmVsl 
264.6976 -0.0206 
269.1309 -0.0106 
269.1358 -0.0001 
270.1698 0.0005 
271.2018 0.0025 
272.2316 -0.0224 
274.2900 0.0728 
276.6035 0.0125 
278.7993 0.0409 
284.9202 -0.0001 
285.4327 -0.0001 
287.4795 -0.0228 
287.9906 -0.0049 
288.4000 -0.0035 
292.0962 0.0028 
292.6139 -0.0121 
293.1344 0.0104 
297.3434 -0.0047 
297.8629 -0.0050 
298.3806 0.0007 
298.8952 -0.0035 
300.9594 0.0134 
301.4743 0.0344 
301.9885 0.0152* 
302.2413 -0.0053 
Apart fi-om the wide range in observed 
transport rates Figure 8-16 shows a 
strange anomaly at around JD 271. A t 
that particular moment in time the 
tracers predict rather low transport 
rates whilst the survey data appears to 
suggest significant westward transport. 
Table 8-5 Tabulated longshore transport rates 
as recorded during the Shoreham 1996 
experiment. 
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Figure 8-15 Fully resolved transport measurements using the different techniques DGPS 
and tracer (fine aluminium, standard aluminium and electronic tracers). 
Oulller, (see Figure 8-33) disregarded for any future regression and curve fitting analysis 
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Figure 8-16 Transport rates obtained f rom the 1996 field measurements. 
Figure 8-17 shows the expected T L T rates as predicted by the formulae. It can be seen that 
the upper and lower margins o f the predictions lie about three quarters below the measured 
values as shown in Figure 8-16. Indeed, the middle plot o f Figure 8-17 which groups the 
physics based equations (DS96, V W a l , VWa2 and VWa3) shows transport rates which are 
an order o f magnitude smaller than those predicted by the other equations. Note that the 
M D E L F T and V D M 9 0 , which have been developed specifically for coarse grained 
material, give some o f the highest transport rates. 
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Figure 8-17 Predicted transport rates for die 1996 field work using the selected formulae. 
To see how well the predicted and measured rates coincide with each other both set o f 
transport rates are plotted against each other around a one-to-one line. Figure 8-18 shows 
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the T L T predictions plotted against the transport rates as measured wi th the tracers whilst 
Figure 8-19 shows the T L T predictions plotted against the transport rates obtained using 
the survey data. Neither o f the two plots show good agreement between the measured and 
predicted transport rates. The K A M 9 1 and V D M 9 0 equation show reasonable agreement 
with the tracer measurements for the lower transport rates but fa i l to maintain this 
correlation for the higher transport rates or for the rates obtained f rom the survey data. 
Figure 8-20 shows that although K A M 9 1 and V D M 9 0 may have shown reasonable 
agreement wi th the measurements on Figure 8-18 they also have a wide 95% confidence 
interval associated wi th them. Figure 8-20 also clearly shows the large discrepancy 
between the measured and predicted transport rates for all equations (illustrated by the 
significant difference in slope between the best fit line for the respective predictions and 
the one-to-one line). Figure 8-21 shows an accentuated picture o f this trend for the 
transport rates f rom the GPS survey data. 
8,3.4J Incorporating the uncertainty of beach orientation 
\X is often d i f f i cu l t to determine the beach orientation with a high degree o f certainty and it 
can be equally d i f f icu l t to accurately establish the wave angle at breaking, as such it can 
become extremely d i f f i cu l t to accurately quantify the angle enclosed by the beach 
orthogonal and the wave ray. This may have a serious impact on the predicted transport 
rate and may therefore blur the picture shown in Figure 8-18 and Figure 8-19. In this study 
the mean beach orientation was obtained by means o f averaging the positions o f the 
contour lines obtained f rom the GPS sur\'ey data. To see whether better agreement could be 
obtained using a slightly different yet feasible beach orientation, the T L T calculations were 
rerun with a deviation incorporated in the mean beach orientation. The variation in beach 
angle ranged from -11° to +11° relative to the original beach orientation. Not all plots are 
shown here but to illustrate the trend, two figures, one showing the results for a 3° 
deviation in beach orientation and the other showing the results for a -3° deviation in beach 
orientation, have been incorporated in this section. Figure 8-23 and Figure 8-24 therefore 
show a similar comparison to Figure 8-18, the only difference being an alteration in beach 
orientation. Depending on which deviation is introduced, the measurements depicted in the 
upper right quadrant o f the plots are placed closer to the one-to-one ratio (-3° deviation) or 
the measurements depicted in the lower left quadrant o f the plots are placed closer to the 
one-to-one ratio (+3° deviation). However, in general the ±3° deviation does not 
significantly improve the overall correlation between measured and predicted transport 
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rates. The magnitude of the predicted transport rates is still too low and the scatter within 
CO 
•D 
% 
0) 
O 
CO 
T3 
O 
a? 
O 
0.010 
0.005 
0.000 
-0.005 
-0.010 
-0.015 
-0.020 
0.002 
0.001 
0.000 
-0.001 
-0.002 
-0.003 A 
1 I S " 
,0 / 
/ 
BPSM 
• C E R C 
CERCt 
V CERCf 
BAILa 
0 BAILb 
A MORF 
"I I I I I I \ 1 1 1 1 1 1 1 T 
-0.004 
0.010 
• / o / / / / / / / / / / / / 
T I 1 I I — I — I — r 
s 8 
o DS96 
• VWa1 
VWa2 
V VWa3 
CO 
•D 
Q) 
Q_ 
o 
0.005 -I 
0.000 
-0.005 
-0.010 
-0.015 
-0.020 
/ 
/ 
/ 
/ 8^ 
I i 
O MDELFT 
0 • VDM90 
KAM86 
V KAM91 
- V SCHa96 
0 SCHb96 
A VWb 
- I — I — 1 — 1 — 1 — I — I — I — I — I — 1 — I — r 
•0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 
Q Tracers [m^/s] 
Figure 8-18 Comparison of transport rates as measured using tracers and transport rates as 
predicted by the selected formulae. 
the plots increases as the deviation increases. 
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Figure 8-19 Comparison of transport rates as measured using GPS survey data and 
transport rates as predicted by the selected formulae. 
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Figure 8-20 Transport rates as measured by the tracers and predicted by the analytical 
models. 
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Figure 8-21 Transport rales as measured by the GPS and predicted by the analytical 
models. 
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83,4,2 Correlation between the predicted and the measured transport rates 
The scatter shown in Figure 8-16 and Figure 8-17 is echoed in the correlation coefficients 
between the predicted transport values and the measured ones. The correlation between the 
predicted values and the measured values is rather poor (Figure 8-22, Table 8-6). There is a 
big difference in correlation for the same equation when compared against tracer data and 
GPS survey data respectively. Only the KAM91 gives a similar correlation coefficient for 
both cases. In general it is fair to observe that the equations give a better correlation when 
compared against the tracer data rather than against the survey data. More important. 
Figure 8-20, Figure 8-21 and Table 8-6 also quantify the large ratio by which each of the 
formulae is under-estimating the measured transport rates {i.e. the low values for the slope, 
a in Table 8-6). 
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Figure 8-22 Correlation coefficients, /?, for all TLT predictive equations against the 
measured transport data. 
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Data Formula a b R 
Source 
E BAILa 0.301661 -0.00168 0.71 
L BAILb 0.288564 -0.00164 0.70 
1 BPSM 0.052385 -0.0002 0.86 
< CERC 0.057459 -0.00019 0.88 
I CERCf 0.038663 -0.00012 0.88 
R CERCt 0.058237 -0.00016 0.90 
0 DS96 0.060343 -0.00022 0.84 
N KAM86 0.156949 -0.00037 0.94 
I KAM91 0.30247 -0.00188 0.73 
C MDELFT 0.30684 -0.00108 0.87 
MORF 0.026314 -6.1E-05 0.88 
T SCHa96 0.143925 -0.00074 0.81 
R SCHb96 0.113487 -0.00059 0.81 
A VDM90 0.34792 -0.00139 0.86 
C VWal 0.044909 -0.00024 0.75 
E VWa2 0.059949 -0.00028 0.77 
R VWa3 0.030534 -0.00022 0.61 
S VWb 0.112354 -0.00051 0.83 
G BAILa 0.141098 0.002848 0.52 
P BAILb 0.138109 0.002811 0.51 
S BPSM 0.014135 0.000168 0.72 
CERC 0.014327 0.000186 0.71 
S CERCf 0.009672 0.000138 0.71 
U CERCt 0.014062 0.000187 0.71 
R DS96 0.017128 0.000298 0.66 
V KAM86 0.030501 0.00042 0.68 
1 KAM91 0.107879 -0.00052 0.70 
Y MDELFT 0.088181 0.00086 0.74 
S MORF 0.004051 5.38E-05 0.52 
SCHa96 0.042876 -7E-08 0.70 
SCHb96 0.03379 1.53E-07 0.70 
VDM90 0.101322 0.000959 0.74 
VWal 0.014214 0.000015 0.62 
VWa2 0.019238 0.000253 0.62 
VWa3 0.010759 -0.00021 0.47 
VWb 0.039142 0.00073 0.65 
Tabic 8-6 Line fit parameters for Qprcdicicd = 
a*Qmcasured "*"b, and correlation coefficient R. 
192 
Chapter 8 Longshore Transport Formulae 
CO 
a? 
o 
0.03 - p 
0.02 -
0.01 -
0.00 
CO 
0) 
o 
0) 
•_ 
o 
-0.01 
-0.02 
0.002 
0.001 
0.000 
-0.001 
-0.002 
-0.003 
-0.004 
-0.005 
0.010 
G BPSM 
a C E R C 
CERCt 
V CERCf 
<• BAILa 
0 BAILb 
MORF 
3° deviation in beach orientation 
0 
I I I I 1 1 I I I r T I I I 1 I I I r 
G DS96 
• VWa1 
VWa2 
V VWaS 
§ / 
/ 
/ 
\ 
I 
I 
/ 
/ 
3° deviation in beach orientation 
0.005 H 
CO 
0) 
o 
0) 
Q. 
O 
0.000 
-0.005 
-0.010 
-0.015 
-0.020 
-0.025 
9. i r 
/ 
• r — I I I 
/ 
3° deviation in beach orientation 
/ V 
G MDELFT 
• VDM90 
A KAM86 
V KAM91 
SCHa96 
0 SCHb96 
VWb 
0.03 -0.02 -0.01 0.00 0.01 
Q Tracers [m^/s] 
T 
0.02 0.03 0.04 
Figure 8-23 Comparison of transport rates as measured using tracers and transport rates as 
predicted by the selected formulae for a deviation in beach orientation of 3°. 
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8,3.4,3 Judging the error between the predicted and the measured transport rates 
To quantify the discrepancy between the measured and the predicted transport rates, a 
discrepancy ratio equal to Qmeasured /Qpredicicd was introduced. Figure 8-25 and Figure 8-26 
are histograms giving the percentage of occurrence that the discrepancy ratio from a certain 
formula can be placed in a preset interval. Combining the three plots on Figure 8-25 shows 
that the majority of TLT predictions have a discrepancy ratio of 5 to 6 when compared to 
the tracer data. The three plots on Figure 8-26 shows that the bulk of all TLT predictions 
have a discrepancy ratio greater than 10 when compared to the transport rates obtained 
from the survey data. Even equations like MDELFT, KAM91 and VDM90, which do quite 
well against the tracer data, appear to vastly underestimate the transport rates obtained from 
the beach surveys. This trend is somewhat worrying since Figure 8-9 suggested that most 
models were likely to overpredict the transport measurements made during the experiment. 
The calculation of the Relative Standard Error of Estimate (Kamphuis et ai, 1986; 
Equation (3.33)) gives a good indication of the measure of error over all the transport 
predictions and the data points against which they are compared. Figure 8-27 shows the 
RSEEs calculated for all the formulae compared to both the tracers and the GPS data. 
When calculating the RSEE for the SPM-84 equation, when applied to their large database 
of transport rates, Schoonees and Theron (1994) found values for the RSEE of around 0.7 -
0.5. Calculating the RSEE for their improved K A M 9 I equation and using the same 
database (Schoonees and Theron, 1996) resulted in values of below 0.4. Figure 8-27 shows 
that for the GPS data such low values are not obtained by any of the formulae. Looking at 
the tracer data, only K A M 9 I , SCHa96, SCHb96 and VDM90 realise low values for the 
RSEE. Al l the other equations have RSEE values which lie around 1. 
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Figure 8-24 Comparison of transport rates as measured using tracers and transport rates as 
predicted by the selected formulae for a deviation in beach orientation o f -3° . 
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Figure 8-27 Relative Standard Error of Estimate (RSEE, a) for all transport 
predictions. 
In order to investigate whether there is a systematic trend in the rate with which the 
formulae under- or overpredict the TLT rates, the residual errors were calculated and 
plotted against the predicted transport rates. Although one would expect to find a trend in 
which the residual error possibly drops of f to an optimum point (e.g. i f no threshold of 
motion term is incorporated in the equation), after which the error increases again as the 
predicted transport rates becomes larger, this is not the case. Figure 8-28 shows the residual 
error of the predictions compared to the rates as measured using the tracers and Figure 8-29 
shows the residual error compared to the rales obtained from the survey data. Both figures 
show a lot of scatter with no obvious trends. The only notable point is that the residual 
errors obtained using the GPS data are significantly larger than those obtained using the 
tracer data. 
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Figure 8-28 Residual error of the volumetric transport predictions compared to the 
measured transport rates based on the tracer data. 
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Figure 8-29 Residual error of the volumetric transport predictions compared to the 
measured transport rates based on the GPS survey data. 
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83,4,4 Transport predictions using the tracer size 
So far all the predicted TLT rates presented in this section have used the representative 
grain sizes as obtained from the sieve analyses performed on the beach sediment. However, 
Figure 8-30 indicates that the grain size distribution from the tracers and that from the 
natural sediment show a considerable difference. In order therefore to assess how using the 
tracer size as the input for the selected formulae would affect the TLT predictions, the 
models were rerun using the D^o and the D90 from the tracers. 
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Figure 8-30 Comparison between the tracer size distribution and that of the natural 
beach material. 
Figure 8-31 and Figure 8-32 show TLT rate plots comparable to those shown in Figure 8-
17 and Figure 8-18. Comparing Figure 8-17 and Figure 8-31 shows that the predicted 
transport rates have come down slightly. This was expected since the representative 
diameters of the tracers (except the fine Aluminium ones) are all significantly larger than 
those of the natural sediment. Figure 8-18 and Figure 8-32 show similar patterns with no 
improved correlation between the predicted and measured transport rates. 
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Figure 8-31 Predicted transport rates for the 1996 field work using the selected formulae 
and the D30 and Dgo of the tracers. 
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Figure 8-32 Comparison of transport rates as measured using tracers and transport rates as 
predicted by the selected formulae using the Dsq and D^q of the tracers. 
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8.3,4,5 Correlation between transport rate measurements and the alongshore wave 
energy 
One of the most widely accepted assumptions is that the TLT rate is proportional to the 
alongshore energy flux, Pis- The validity of this assumption has been underpinned by 
several studies and datasets (Dean et al, 1982, Kamphuis et at., 1986, Kamphuis 1991b 
and Wang et al., 1998). It is fair to say that this assumption holds true for shingle transport, 
although the importance of a threshold of motion criteria for sediment transport to occur is 
far greater than for sand. However, there is no consistent proportionality between the 
alongshore energy flux and the TLT rates measured by the tracers and GPS (Figure 8-33). 
The graph shows a significant amount of scatter and a particularly low correlation 
coefficient (R^ = 52%) for the GPS measurements. This lack of correlation is in 
contradiction with findings of authors such as Lawrence and Davidson-Axnott (1997) who 
found that the application of alongshore energy and sediment transport models, when 
combined with corresponding field measurements, has potential in assisting in the 
development of shoreline management plans. 
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Figure 8-33 Correlation between the measured TLT rates (using Tracers and GPS) and the 
alongshore energy flux {Pis). 
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8,3,4,6 Discussion of potential errors encountered in the short and medium term field 
data 
The large difference in measured transport rates between the two systems was not 
expected, neither was the poor consistency between the predicted transport rates and those 
obtained from the GPS measurements. Some of the scatter in the data obtained from the 
tracers can be explained by the limitations of present day tracer theory. Often the main 
uncertainty lies in how representative the tracer is of the resident sediment (Nicholls and 
Wright, 1991), both in size distribution and quantity of the tracers. Bodge and Kraus (1991) 
stated that TLT estimates derived from tracers can be in error by a factor of 4 due purely to 
limitations in sampling methodology (or recovery rate, when dealing with individually 
identifiable tracers). However, problems such as recovery rates needed for reliable TLT 
measurements and differences in cross-shore distribution of the TLT have been minimised 
in this study by means of high recovery rates and by simultaneous injection of the tracer at 
different cross-shore locations. 
Of more importance is likely to be the influence of the relative rates of movement of 
different sizes of sediment particles (and thus also tracers) on the measured transport rales. 
Jolliffe (1961), using similar size tracers to the ones used in the present study, found that 
throughout his experiments the larger pebbles travelled further than the smaller ones, with 
tracers of different size sometimes even travelling in different directions. Unfortunately no 
precise measurements of the wave conditions were made during his experiments. Hattori 
and Suzuki (1978) found an apparently paradoxical relationship between the mean velocity 
required to dislodge tracers and their size, indicating that larger tracers required lower 
mean velocities. Muir Wood (1970) interpreted Jolliffe's results by stating that it is easier 
to rotate a larger sediment particle about a line between its contact points with other 
sediment particles than it is to do the same with the smaller particles in the same condition. 
The fact that once in motion the larger particles move along a longer distance can be 
explained by the argument that smaller pebbles are likely to become embedded between 
other non moving sediment particles that make up the bed, whilst the size and rotational 
inertia of the larger particles are likely to keep them moving for longer. 
These three studies therefore suggest that the transport rates obtained from the tracers in 
this experiment are likely to be overestimates of the true transport taking place. Figure 8-34 
suggests that the transport rates obtained in the present study were also subject to a similar 
differential rate of transport relative to the grain size, as previously observed by Jolliffe 
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Figure 8-34 Relationship between the representative tracer size and the transport rate 
as measured by each tracer type during the Shoreham tracer experiment on JD 284 
and 285. 
(1961). Looking at Figure 8-35, where the average transport rate over the two days has 
been split up in its original two components and compared against the predictions made by 
all the selected models, it is clear that except for KAM86, MORF, SCHa96 and SCHb96, 
all the TLT prediction are significantly lower than those suggested by the standard 
aluminium tracers (the largest tracers used during the field work). In fact, the magnitude of 
most predictions is in line with those measured with the fine aluminium tracers. However, 
despite the influence of preferential transport according to grain size, which may have 
blurred the measurement of the actual transport rate, it is believed that the main uncertainty 
in the measured transport rate using the tracers is introduced from using the calculation 
technique (as discussed in previous chapters), which was originally developed for fine 
grain sediment on beaches characterised by a small tidal range. 
The lack of correlation between the transport rates obtained from the DGPS survey data 
and the predicted rates or the longshore energy flux is more worrying. Bodge and Kraus 
(1991) found their TLT estimates obtained from sediment impoundment combined with 
classic survey techniques to be more accurate than those obtained from tracer experiments. 
They stated that spurious trapping unrelated to the TLT and survey inaccuracies could each 
account for up to 100% of the TLT. Dean et al. (1982) using a combination of traditional 
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land based levelling techniques and ship based hydrographic surveys were able to find a 
very good agreement between the sediment leaving and entering their study area and the 
longshore energy flux. 
Most of the erratic TLT measurements obtained from the GPS measurements are probably 
a result of the poor vertical accuracy of the measurements made using the GPS operating in 
kinematic mode. The method of obtaining estimates of the TLT rate fi-om the volumetric 
change between topographic surveys using GPS is a fast and relatively inexpensive way of 
data collection. However, the potential error introduced by a low preset level in acceptable 
accuracy means that although more data points are collected, these do not necessarily give 
an accurate representation of the true beach volume. Ideally, real-time DGPS with a preset 
accuracy of 1cm in the vertical should be used i f the data are to be used for construction of 
accurate morphological DEMs. This, in turn, wi l l lead to a higher degree of confidence in 
the transport rates inferred from the changes in volume. Volumetric surveys, either from 
DGPS or more traditional methods using a Total Station or Level, form a proven technique 
which should work irrespective of the type of beach or sediment. Unfortunately, the data 
used in the present study was provided by a third party who did not use a high preset level 
of accuracy. The GPS survey data as supplied for this study had an accuracy in the vertical 
of only 6cm. Taking into account that the finite difference scheme as used in this study 
consists of sections which represented one fifth of the beach plan area (Figure 8-13) and 
assuming thai the vertical error introduced is the same for each point taken during the 
measurement an estimate can be formulated of the expected overall error. Figure 8-36 
shows the sensitivity to survey error. I f on the first survey an error of -t-3cm was introduced 
and on the second sur\'ey an error of -3cm was introduced, these errors alone wil l , over the 
20% area of the beach, account for 60 percent of the annually expected transport of 
15000m-'. This is rather alarming in view of the fact that GPS technology is starting to take 
over from the more classical surveying techniques in coastal management applications. 
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Figure 8-35 Predicted transport rates for JD 284 and 285 and the measurement thereof 
using different tracer sizes. 
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Figure 8-36 Estimate of the potential error in TLT calculation due to systematic 
differential error in height measurements using the survey data. 
8.4 Evaluation of the longshore transport equations against other Held datasets 
As indicated in the literature review there is a shortage of high quality field data. A world 
wide survey of the available dalasets by Schoonees and Theron (1993) found only 35 
datasets which incorporated bulk longshore transport rates and measured environmental 
parameters such as wave height eic. Schoonees and Theron (1994) used 240 data points 
from these datasets to evaluate the SPM longshore transport formula. For all these data 
points the D50 vvas smaller than 15mm and the beach slope was smaller than 1/7.2. 
This scarcity of field data makes it difficult to evaluate the newly introduced equations 
against field data obtained on other shingle or mixed beaches. Despite this short coming, it 
is deemed useful to compare the predictions of the new equations against the values found 
in two published datasets. The first dataset can be found in Kamphuis et al., (1986), which 
in turn goes back to previous field studies for the data collated in it. The main parameters 
as supplied by the dataset can be found in Table 8-7. The other dataset used is the one 
collected by Wang ei al. (1998, Table 8-8). 
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D50 tana Hsb T Ob Qis Qis 
[m] n [m] [s] r i [kg/s] [m^/s] 
0.0006 0.138 0.45 2.7 10 7.38 0.006699 
0.0006 0.138 0.56 3.3 14 13.82 0.012545 
0.0006 0.138 0.39 5.2 9.6 2.39 0.00217 
0.0006 0.138 0.51 4.3 10.9 7.01 0.006363 
0.0006 0.138 0.4 6.6 2.5 1 0.000908 
0.0006 0.138 0.41 5.3 7.4 1.46 0.001325 
0.0006 0.138 0.4 3.8 4 3.4 0.003086 
0.00018 0.013 1.27 12 0.3 2.1 0.001906 
0.00018 0.013 1.46 11.3 4.4 49.44 0.04488 
0.00018 0.018 0.75 11.1 5.8 7.71 0.006999 
0.00018 0.018 0.8 9.5 4.3 6.2 0.005628 
0.00022 0.046 0.7 10.8 4.2 13.96 0.012672 
0.00022 0.046 0.85 11.1 3.2 26.04 0.023638 
0.00022 0.046 0.78 12.4 5.6 17.58 0.015959 
0.00022 0.019 1.77 11.9 8 196.73 0.178586 
0.00022 0.046 0.76 8 3.8 3.96 0.003595 
0.00022 0.046 0.65 7.2 6.2 5.53 0.00502 
0.00022 0.046 0.69 11.4 5.7 13.88 0.0126 
0.00022 0.046 0.75 11.2 5.9 13.85 0.012573 
0.00029 0.018 1.12 13.4 34 24.56 0.022295 
0.00029 0.023 1.29 13.4 3.4 58.78 0.053359 
0.00042 0.012 1.99 7 16.5 420.64 0.381845 
0.00042 0.014 0.88 12 5 7.26 0.00659 
0.00023 0.015 0.98 9 6 16.54 0.015015 
0.00027 0.025 1.1 6.5 2 13.67 0.012409 
0.00042 0.03 0.55 6.9 16.8 4.91 0.004457 
0.00042 0.03 0.46 4.9 11.5 3.88 0.003522 
0.00042 0.03 0.28 7.5 15.5 1.38 0.001253 
0.00022 0.04 0.84 12.6 3.1 23.67 0.021487 
0.00022 0.042 1.09 11.8 3.1 28.03 0.025445 
0.00022 0.035 1.27 11.3 J 71.91 0.065278 
0.00022 0.036 1.27 11.5 3.2 65.71 0.05965 
0.00022 0.029 1.14 12 3.1 40.24 0.036529 
0.00022 0.034 1.67 11.1 2.8 53.4 0.048475 
0.00025 0.018 0.85 9.5 9 11.46 0.010403 
0.00025 0.026 0.92 8.9 4 3.99 0.003622 
0.00018 0.013 0.79 8.3 5 10.78 0.009786 
0.00018 0.027 0.99 9.2 9 22.88 0.02077 
Table 8-7 Field data table from Kamphuis ei aL, 1986. 
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D50 
[m] 
tana 
n 
"^Inns 
[m] 
Tz 
[s] 
Gb 
n 
Qis 
[mVa] 
Qis 
[mVs] 
0.00035 0.028 0.79 7.5 13.5 110000 0.003488 
0.00225 0.094 0.61 6 12 42000 0.001332 
0.00026 0.03 0.51 8.5 4 6000 0.00019 
0.00017 0.044 0.20 3.5 3 2000 6.34E-05 
0.00026 0.033 0.35 3.3 10 52000 0.001649 
0.00019 0.013 0.49 10.5 5.5 8000 0.000254 
0.00028 0.031 0.44 4.2 7.2 12000 0.000381 
0.0009 0.115 0.46 3.5 9 19000 0.000602 
0.0015 0.158 0.50 3.5 2.5 6000 0.00019 
0.00041 0.161 0.36 3.5 11.5 10000 0.000317 
0.00068 0.105 0.38 3.7 14 39000 0.001237 
0.00054 0.101 0.34 3.4 19 37000 0.001173 
0.00037 0.101 0.21 3 2.6 1000 3.17E-05 
0.00029 0.123 0.29 3 35.3 45000 0.001427 
0.00041 0.214 0.22 2.9 31.5 3000 9.51E-05 
0.00043 0.129 0.28 3 23 6000 0.00019 
0.00024 0.062 0.53 4.2 9.3 56000 0.001776 
0.00028 0.042 0.56 4.5 8.5 60000 0.001903 
0.00085 0.125 0.36 4.5 8.4 15000 0.000476 
0.0002 0.035 0.28 3.9 10.7 6000 0.00019 
0.0009 0.026 0.32 4.5 19.2 8000 0.000254 
0.00043 0.016 0.24 4.9 15.8 5000 0.000159 
0.00037 0.014 0.69 7.3 13.1 145000 0.004598 
0.00032 0.039 0.36 4.5 20 34000 0.001078 
0.0004 0.082 0.31 3.3 1.8 1000 3.17E-05 
0.00028 0.072 0.36 2.9 7.7 19000 0.000602 
0.00042 0.066 0.34 4.2 7.5 23000 0.000729 
0.00138 0.141 0.19 2.8 10 3000 9.51 E-05 
0.00129 0.152 0.14 3.8 8.2 2000 6.34E-05 
Table 8-8 Field data table from Wang et ai, 1998. 
In general, the data base as given by Kamphuis et al. (1986) contains larger transport rates 
than the one from Wang et al. (1998). This is not surprising since important parameters 
such as wave height and wave period are on average larger in the ICamphuis data base. 
This, combined with the fact that the average representative grain size in the Kamphuis 
data is just over half that found in the Wang data, means that larger longshore transport 
rates are expected in the first set. 
Figure 8-37 shows that the new models tend to underpredict the transport rates from the 
Kamphuis dataset and overpredict those from the Wang dataset. in general it is VWa3 
which gives the largest estimates whilst VWal and VWa2 give the smallest estimates for 
the transport. This picture is reflected by Figure 8-38 and Figure 8-39, which show plots of 
longshore transport predictions using all the selected models against the Ksimphuis and 
Wang datasets respectively. 
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Figure 8-37 Transport rates as given by Kamphuis ei al., (1986) and Wang ei al., (1998) 
and predicted by the new models. 
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Figure 8-38 Transport rates as given by Kamphuis et al, (1986) and predictions using 
all the selected models. 
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Figure 8-39 Transport rates as given by Wang ei al, (1998) and predictions using all 
the selected models. 
From Figure 8-38 and Figure 8-39 it is apparent that no one model produces an optimal fit 
to both datasets. Since the majority of models were selected on their suitability for coarse 
grain sediment transport predictions this is to be expected. Those equations which were 
developed with sand size sediment in mind (e.g. KAM86 and KAM91 ) obviously score 
above average. Remarkably the improved version of the KAM9I5 i.e. SCHa96 and 
SCHb96 do not produce consistently accurate predictions of the transport rate; VWb 
appears to produce better predictions. MDELFT however scores equally well as KAM91 
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for both datasets. The BAlLa and BAILb models score equally well for both datasets with 
the main observation being that they both underpredict the Kamphuis data, whilst 
overpredicting the Wang data. In general the energetics based models produce good fits to 
the Wang data. This seems to underline the validity of the energetics approach as 
advocated by Bailard (1981, 1984). The energetics based equations such as the BPSM do, 
however, fail to produce a fair fit to the Kamphuis dataset. 
MORF fails to produce reliable transport predictions for either of the datasets. Although 
both datasets contain transport rates for sand beaches it is interesting to note that the 
physics based equations (DS96, V W a l , VWa2, and VWa3,) reproduce the same trend as 
found in the datasets, but with the difference that the transport values of the Kamphuis set 
are underpredicted whilst the values of the Wang set are represented more realistically. 
This due to the smaller grain size in the Kamphuis dataset, suggesting that suspended load 
transport, whereas the physics based equations in this comparison are only concerned with 
bedload transport. 
In conclusion it is fair to say that none of the equations used in this study provides a good 
fit to both datasets and as such shows that the equations used in this comparison should 
preferably only be used for coarse gain beaches rather than for sand beaches. This fact is 
underlined by the poor performance of the physics based equations against the Kamphuis 
data. It can also be seen from the figures that although DS96 is a physics based model, and 
according to its authors should not require field specific calibration, it fails to fit the data in 
either of the sets better than the CERC equation. To date no uniformly valid bulk longshore 
transport equation has been found. 
8.5 Sensitivity analysis of the selected formulae against synthcsised data 
In order to judge the behaviour of the formulae over an extended range of conditions, all 
the formulae have also been compared using artificially generated data. To ensure that the 
trends shown by these calculations are not blurred by the relative difference in magnitude 
of the transport prediction produced by each formula, the volumetric transport rate (g) 
predicted by each of the formulae has been divided by a reference volumetric transport rate 
{Qref) predicted using that same formula. The input peu-ameters for this reference transport 
rate are summarised in Table 8-9. 
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Parameter: Value: 
D50 = 0.02m 
D90 0.04m 
e = 0.47 
n = 0.32 
P I030kg/m^ 
Ps = 2650kg/m^ 
mean beach orthogonal orientation 181° 
1.32m 
T . = 4.84s 
Ob = -2° 
Yb = 0.78 
tana 1/8.8 
water temperature IO°C 
Table 8-9 Basic parameters for the calculation of the 
reference transport rate. 
8.5.1 Influence of the wave height 
Figure 8-40 shows an investigation into the influence the significant wave height has on the 
prediction of the longshore transport. Each graph in the figure displays the predicted 
transport as a function of the significant wave height at breaking for a selection of different 
mean wave periods. 
Most formulae display a power-law-like growth in predicted transport rate with an increase 
in wave height, with the only main difference being the rate at which the transport rate 
increases. This is to be expected, since all formulae incorporate the influence of the wave 
height on the transport by including the wave height raised to a certain power, e.g. the 
CERC-like equations have //". MORF appears to be by far the most sensitive one (H is 
raised to a power several times within the formula). The new formulae V W a l , VWa2 and 
VWa3 show a sensitivity similar to that found in the two ICAM models. The BPSM 
equation is the least sensitive to a growth in wave height. Over the same range of wave 
heights the sensitivity to increases in wave height of both the K A M formulae is reduced by 
a factor of ten in the SCHa96 and SCHb96 formulae. 
8.5.2 Influence of wave period 
Apart from KAM86, which does not take wave period into account, different transport 
rates are predicted for different wave periods (Figure 8-40). In general, most of the 
equations predict a larger TLT rate for larger wave periods. This appears to be a logical 
trend in transitional water depths, where larger periods give larger orbital velocities. 
Conversely, DS96, MORF and VWal-3 show an opposite trend, predicting larger transport 
rates for smaller wave periods. Since the DS96 equation assumes shallow water conditions 
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the TLT becomes independent of the wave period but increases with wave steepness. The 
trend shown by MORF is a result of the way the TLT is related to the wave energy 
dissipation rate in MORF (Morfett, 1988). Using the approach of Battjes and Janssen 
(1978) this dissipation is inversely proportional to the wave length, and smaller wave 
periods wil l result in larger predictions for the expected TLT rate. The VWal-3 models 
take the influence of wave period into account using a similar method. It assumes that the 
amount of TLT taking place within the surfzone is inversely proportional to the drag 
coefficient, which in turn is approximately inversely proportional to the square root of the 
wave period. Thus, a larger wave period results in a lower TLT prediction. 
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Figure 8-40 Intercomparison of the sensitivity of the different equations to the 
significant wave height at breaking. 
Figure 8-41 shows the effects of changing wave period on the transport rate predictions 
with the median grain size being altered as a secondary parameter. Although the majority 
of equations take the influence of wave period on the longshore sediment transport into 
account, they do so via other parameters such as wave length, orbital velocity, etc., which 
are then in turn used in the actual sediment transport equation. This means that alterations 
in wave period alone do not necessarily result in significant changes in predicted transport 
rate {e.g. the CERC like equations in Figure 8-41). Most equations show an increase of 
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some sort in transport rate. M O R F , K A M 8 6 and the physics based equations show different 
effects. K A M 8 6 shows no change in predicted transport rate since this equation does not 
take wave period into account. The trend o f the graphs depicting the DS96 and V W a l - 3 
equations occurs since the equations assume that the transport rate is inversely proportional 
to the wave period, in contrast to the majority o f the other equations which assume the total 
longshore transport rate to be proportional to the wave period. The trend in the DS96 and 
V W a l - 3 equations is in agreement with Fredsoe and Deigaard (1992), who show that the 
longshore transport increases with wave steepness. 
It is interesting to note that the DS96 equation suggests that, all other things being equal, 
larger transport rates occur wi th a larger sediment size. Conversely, the CERC-like 
equations, due to the absence o f a representative sediment diameter, assume no direct 
influence o f the grain size on the dr i f t rate. 
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Figure 8-41 Intercomparison o f the sensitivity o f the different equations to the mean 
wave period. 
8.5.3 Influence of beach slope 
Sediment transport rates are likely to increase as the beach slope increases, since sediment 
stability is reduced. The equations that include beach slope support this hypothesis, 
although many o f the equations do not account for beach slope. Consequently, equations 
developed for mi ld slope sand beaches should be used very cautiously on steep shingle 
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beaches. However, Figure 8-40 to Figure 8-42 suggest that the beach slope is less 
significant in terms o f the T L X then either the wave height or the wave period. 
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Figure 8-42 Intercomparison o f the sensitivity o f the different equations to the 
beach slope. 
8.5.4 Influence of wave angle 
The influence o f wave angle on the predicted transport rate is shown in Figure 8-43. It is 
clear that apart, f rom VWa2-3 and MORF, all equations show a similar dependence on 
wave angle, wi th the only main difference the magnitude o f the influence and the rate with 
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which this change takes place. For example K A M 8 6 displays a smooth transition, while 
BAJLa-b and V W b show small changes for wave angles close to 0° but rapid changes close 
to 45° . This can be explained in terms o f the over-all power that is applied to the wave 
angle. In the K A M equations the wave angle is doubled and the sine o f it raised to the 
power 1 ( K A M 8 6 ) or 0.6 ( K A M 9 1 ) . In the BAIL-equations the coastal constant is a 
function o f the wave angle at breaking and so is the wave power, thus resulting in a rapid 
change in predicted transport rate when the sine o f two times the angle at breaking 
approaches unity {i.e. angle approaching 45°) . The differences shown by MORP can be 
attributed to the fact that this formula incorporates the influence o f the wave angle as sinOt 
and not as sin20b (see Section 2.5.2.1). It is interesting to note that while the majority o f the 
equations show a maximum for 45° wave angles, equations VWa2-3 also show an 
asymmetric evolution with a maximum at 90° . This asymmetry is a result o f the interaction 
o f the sine terms upon integration o f the equations which characterise the transport and 
velocity relationships and which only take the sine o f one time the angle at breaking rather 
than twice the angle at breaking as most T L T equations do. The increase in the secondary 
parameter, i.e. wave height, has the expected result that a higher wave height produces a 
higher predicted T L T rate. 
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Figure 8-43 Intercomparison o f the sensitivity o f the different equations to the wave 
angle at breaking. 
8.5.5 Influence of grain size 
As expected, equations which take grain size into account show a rapid fa l l in transport rate 
as the representative sediment size increases (Figure 8-44). The main exception to this rule 
is DS96, which exhibits a logarithmic growth o f the transport rate. A n d though the other 
physics based formulae V W a l , VWa2 and VWa3 were developed wi th the influence o f D^o 
incorporated, upon integration its influence (due to the relationships used) cancelled out 
£ind as such the formulae appear to have lost all dependency on the Dso- Therefore, a 
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concern wi th these equations, and the CERC-like equations is that they ignore the basic 
physical properties o f the sediment. In the case o f DS96, the increase in predicted transport 
rate wi th an increase in grain size is due to an increase in the bottom roughness, leading to 
an increase in the wave related bottom shear stress and hence an increase in T L T 
(Damgaard and Soulsby, 1996). 
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percentile diameter. 
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The preceding sensitivity analysis demonstrates that the formulae do not behave uniformly 
wi th variations in the main parameters used to predict longshore transport. This suggests 
that as yet there is no agreement between researchers regarding the way in which different 
parameters influence the T L T ; and one equation is therefore unlikely to be uniformly valid. 
Although some equations attempt to incorporate more physically meaningful properties 
than the traditional CERC-like equations, there are a few parameters which need further 
development. For example, the V W a l - 3 formulae attempt to incorporate the expected 
current pattern inside the surf zone and although this should make the formulae more 
accurate, it also appears to make them very sensitive to variations in wave angle (see 
Figure 8-43). In addition, it is d i f f i cu l t to be certain how well the predicted current profiles 
actually resemble the true field conditions {e.g. influence o f non-wave-induced currents 
etc.). As another example, the DS96 equation, which is claimed to be entirely physics 
based (Damgaard and Soulsby, 1996), still shows some characteristics {e.g. increased 
transport rates wi th an increase in grain size) which appear to contradict basic field 
observations regarding sediment transport (see Figure 8-44). Consequently, considerable 
work remains to be done before it is l ikely that these more recent equations replace the 
simple CERC-like equations. 
8.6 Discussion and conclusions 
This chapter compared both existing and new longshore transport equations to long term 
sediment transport and hindcast hydrodynamic data, a newly acquired f ie ld dataset, two 
published field datasets (Kamphuis et ai, 1986 and Wang et ai, 1998) and a wide range o f 
synthesised data. A comparison was made between predicted surf zone longshore current 
distributions (Longuet-Higgins, 1970 and Fleming and Swart, 1982) and new 
measurements collected under prototype conditions. However, a poor correlation was 
found between predicted and measured values, suggesting that longshore current 
distributions on coarse grained steep beaches dif fer significantly f rom those found on fine 
grained mi ld slope beaches. 
The two main methods used to obtain estimates o f the longshore transport under field 
conditions were tracers and volumetric change between topographic surveys. The use o f 
tracers on macro-tidal shingle and mixed beaches shows promise in producing reliable 
transport rates. However, it appears that the present calculation techniques for obtaining 
sediment transport rates fi-om the raw tracer data {i.e. the methods traditionally used for 
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sand beaches and beaches wi th a small tidal range) may not be valid for the field conditions 
encountered on shingle and mixed beaches (Van Wellen et ai, 1998). In general, the 
tracers appear to give higher transport rates than expected, and this needs to be taken into 
account when extrapolating the results f r om tracer experiments to annual T L T values. A 
further problem when using tracers is the potential bias introduced as a result o f 
discrepancies between the tracer size distribution and the natural beach material size 
distribution. 
The method o f obtaining estimates o f the T L T rate f rom the volumetric change between 
topographic surveys using GPS proved to be a fast and relatively inexpensive way o f data 
collection (Van Wellen el al., 1998). However, the potential error introduced by a low 
preset level in acceptable accuracy in the supplied data meant that, although more data 
points were collected, these did not necessarily give an accurate representation o f the true 
beach volume. Ideally, real-time DGPS wi th a preset accuracy o f 1cm in the vertical should 
be used i f the data are to be used for construction o f accurate morphological DEMs. This, 
in turn, w i l l lead to a higher degree o f confidence in the transport rates inferred from the 
changes in volume. This is especially important i f the resultant transport rates are to be 
used as part o f a predictive tool over longer time scales. Volumetric surveys, either f rom 
DGPS, or more traditional methods using a Total Station or Level, form a proven technique 
which should work irrespective o f the type o f beach or sediment. However, the time 
interval between surveys can make it d i f f i cu l t to l ink specific hydrodynamic conditions and 
the corresponding T L T but may lead to more stable predictions for the longer term T L T . 
The energetics based equations as a group produced reasonable predictions o f mean annual 
transport rate. These include the Bailard equations, which were derived for sand, although 
the in-built minimum prediction level means that the equations need to be applied with 
care. The remaining CERC-based equations (CERCt, CERCf) had previously been 
calibrated for conditions similar to those at the field site used here and therefore could be 
expected to perform well . However, more comparisons wi th field data are needed i f they 
are to be applied to other sites with a suitable degree o f confidence. Nevertheless, all 
equations in this group have the benefit o f simplicity in use, wi th a min imum number o f 
input variables. 
O f the dimensional analysis group o f equations, those derived f rom coarse-grained 
laboratory experiments appear to over-estimate considerably the prototype transport rates 
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( K A M 9 1 , M D E L F T , V D M 9 0 ) . The remaining equations, which involved calibration using 
at least some field data, produced lower predictions, o f a similar order to the sand-derived 
energetics equations (BAILa and B A I L b ) . Again, the input parameters required are 
straightforward and readily available from typical field measurements. 
The force-balance equation (DS96) was the most accurate o f those formulae which had not 
previously been tested against data f rom Shoreham. The force-balance equations are the 
most complex o f those reviewed and do not include swash transport, but again the 
parameters required are readily obtainable. The newly-derived analytical equation (VWb) 
includes potential swash zone transport but needs to be evaluated more f u l l y against other 
field data. In addition it is worth noting that the sensitivity analysis using the synthesised 
data showed that DS96 predicts opposite trends to all the other equations when looking at 
the influence o f the D50. This suggests that ftirther research is required to clarify the 
influence o f sediment size on the T L T . 
The high transport predictions by the Kamphuis equations and the Schoonees and Theron 
equations are perhaps not surprising, since they were developed as general purpose 
transport equations, rather than being specifically aimed at shingle and mixed sediment 
transport. The fact that they give predictions which are o f the right order o f magnitude 
suggests that future development to incorporate coarser grain sizes would be beneficial. 
The poorest prediction was produced by the Morfet t (1988) equation which, despite being 
developed and calibrated especially for shingle T L T comparable to those at Shoreham, did 
not manage to reproduce the results f rom the other equations. 
On the whole, no equation managed to produce a good fit to either o f the short and medium 
term data f rom both the tracers and the survey data, and all equations used in this study 
underpredict the T L T rates as obtained f rom the tracer experiments and the survey data. 
Furthermore, those equations which did reasonably well in predicting the T L T at Shoreham 
did not perform equally well against the T L T rates for the sand size material found in the 
Wang and Kamphuis datasets. This suggests that to date there is no equation which 
accurately incorporates all the (physically) significant parameters which influence the 
longshore sediment transport 
Based on the present analysis, no one equation can therefore be concluded to be the best for 
shingle size sediment. The good performance o f the energetics based equations B A I L a and 
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B A I L b , without even having been calibrated for any o f the sites, shows that energetics 
based equations can still perform just as well as the new force-balance models. In addition, 
for the force-balance based models to become more valid for steep coarse grained beaches 
they w i l l have to move away fi*om looking solely at the surf zone, since this zone is not 
exclusively responsible for littoral transport. 
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CHAPTER 9 
VALroATION OF A SWASH ZONE TRANSPORT MODEL 
9.1 Introduction 
In order to check the validity o f the S T R A N D model, the model is applied both to 
measurements o f hydrodynamic parameters and to measurements o f transport rates in the 
swash zone. Chapter 2 identified the lack o f data in the swash zone, indicating that there 
are very few datasets in the public domain which are suitable for the purpose o f swash 
model validation. This situation is fiirther worsened when looking at coarse grained beach 
data, where not only the dynamic nature o f the swash, but also the relative fragil i ty o f most 
sampling equipment and the harshness o f the environment hinder the taking o f reliable 
measurements. 
The fo l lowing sections present the comparison between model predictions and the 
measured data obtained f rom the literature review and the field work undertaken as part o f 
the M A F F Shingle Beach Transport Project. 
9.2 Hydrodynamics 
9.2.1 Run-up trajectory 
S T R A N D assumes that the swash motion, as represented by the movement o f the shoreline, 
can be satisfactorily described by a symmetric parabolic trajectory. This assumes that 
fr ict ion can be ignored relative to the hydrodynamic forcing function causing the motion. 
Though non-symmetrical motion o f the swash has been observed by such researchers as 
van H i j u m and Pilarczyk (1982), their laboratory work (van H i j u m , 1974; van Hi jum, 
1977) also shows an equal amoimt o f swash observations which conform to the symmetric 
parabolic trajectory. Figure 9-1 shows a schematic representation o f an experimental run o f 
van H i j u m and Pilarczyk (1982) which involved waves plunging and developing into 
swash, moving the three tracer grains (marked 1, 2 and 3 on the figure) in a symmetric 
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parabolic trajectory. In addition, it needs to be noted that asymmetric tracer movement does 
not necessarily imply asymmetric shoreline movement. 
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1 ~ | ~ + d a p t h oi in i t ia l 
Figure 9-1 Tracer movement in the swash, taken from van H i j u m 
and Pilarczyk(1982). 
This qualitative comparison between the trajectory predicted by the S T R A N D model and 
the trajectories observed in the laboratory, bearing in mind that the experiments in question 
were conducted on steep (1/5, 1/8 and 1/10 slopes) gravel beaches wi th a Dso o f 1.3 to 
13mm (van H i j u m , 1974), suggests that the assumption o f a symmetric parabolic trajectory 
for the motion o f the shoreline is a valid one, even on coarse grained beaches. 
9.2.2 Bore height 
Since the transport predicted by the model is related solely to the swash zone, the bore 
height at breaking is a critical parameter. The reliable transformation o f the wave height at 
breaking to a bore height at the S W L is therefore crucial to the accuracy o f the transport 
predictions. Figure 9-2 shows a comparison between bore heights as predicted by the 
S T R A N D model and measured values. In general the model appears to slightly 
underestimate the expected bore height. This w i l l moderate the subsequent parameters 
calculated from the bore height at the S W L such as maximum run-up and initial velocity at 
bore collapse, which in turn w i l l reduce the estimated transport rates. W i t h the exception o f 
the two Lancing 1997 data points al l bore heights shown in the graph have been obtained 
under laboratory conditions and as such a significant degree o f control and therefore 
accuracy can be expected, making the good comparison all the more encouraging. The 
Lancing 1997 data points were obtained from field observations based on pressure sensor 
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readings o f the swash height at the SWL. The poor fit to the Bodge and Dean (1987) data 
points can be explained partially by the fact that they have been scaled up f rom laboratory 
scale to prototype scale which also scales up any inaccuracies in the ini t ial measurements. 
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Figure 9-2 Comparison between measured and predicted bore heights at the point o f bore 
collapse. 
Using all the inshore wave data files as recorded at Shoreham and Lancing it is possible to 
calculate the expected bore height at the S W L (Figure 9-3). Putting a best fit line through 
all the data points suggests that, on average, all waves lose about 30 percent o f their height 
at breaking by the time they have reached the SWL. As indicated in Figure 9-3, long period 
waves lose less o f their breeiking height and tend to lie closer to the 1:1 line. The figure also 
shows that the bulk o f the bore heights lie below the 0.5m line which is in agreement wi th 
visual observations made at the two sites. Looking at this more statistically, Figure 9-4 
shows the frequency distribution o f the expected bore heights and bore angle using the 
Shoreham, Lancing and mean armual wave climate data. Though there is only a 10cm 
difference between the expected bore height at Shoreham and Lancing (0.36 and 0.26m 
respectively) the difference with the bore resulting f rom the mean annual wave climate data 
(0.57m) is considerably more. This can be partially explained by the fact that the mean 
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annual wave climate was constructed f rom wind data which would filter out the lower 
wave heights which are present in the actually recorded datasets o f Lancing and Shoreham. 
The frequency distribution for the bore angles shown on the same figure does not show 
any vast differences in expected angles, with -0.8, 0.6 and 0.8 for Shoreham, Lancing and 
the mean annual wave climate respectively. Note that the sign o f the mean angle does not 
suggest a mean transport direction. To date there is no dataset in the public domain which 
would allow for the verification o f these angle predictions. Though i t would be possible to 
obtain a first estimate o f such data f rom the laboratory data o f van H i j u m and Pilarczyk 
(1982) by looking at the instantaneous angle o f the tracer trajectory relative to the beach 
normal (see Figure 9-1) the detail o f this data was not deemed sufficient to warrant a true 
validation. Bodge (1986) gave some values o f swash uprush angles but insufficient 
additional observations (such as breaking angle) were supplied to compare them wi th 
model predictions. 
1:1 line 
long 
periods 
W 0.8 
short 
periods 
Best fit line through 
data; 
Hrmsbore ~ 0.69Hrmsbr 
1 1.5 
Hmwbr [m] 
2.5 
Figure 9-3 Comparison between the Hrms at breaking and the predicted bore height at the 
SWL. 
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9.2.3 Run-up extent 
In predicting the total transport in the swash, the correct estimation o f the maximum nm-up 
is o f fundamental importance since it determines the active swash zone over which 
transport can take place. Though being an important parameter, it is at the same time a very 
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di f f icul t one to obtain. Mathematically, the parameter is easily defined as the maximum 
extent o f the swash from the SWL, though practically this is more d i f f icu l t . Set-up and 
swash interaction can make i t very d i f f i cu l t to accurately establish the seaward boundary o f 
the swash, whilst the thinning o f the swash lens makes it very d i f f i cu l t (even under 
laboratory conditions) to confidently fix the landward l imi t . As a result, Figure 9-5 should 
be seen as an indication that the model picks up the trend in terms o f expected swash zone 
extent, rather than an attempt to fijUy validate the model output against measured data o f 
swash run-up. In addition, i t is important to point out that the transport prediction at the 
landward l imit o f the swash zone is always considerably lower than that at the seaward 
boundary, making an overestimation o f the run-up not as detrimental to the transport 
predictions as may initially be envisaged. In addition, it is fair to point out that most 
measurements shown in Figure 9-5 are an underestimate o f the true swash run-up. For 
example, the estimates o f the swash zone extent for the Kamphuis data are based on the 
surf zone extent and the most landward point at which longshore transport is measured. For 
the Sunamura data, they are based on the position o f the most landward point where the 
profile underwent some measurable alteration. 
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Figure 9-5 Comparison between measured and predicted maximum swash run-up (xsmax)-
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9.2.4 Velocity at bore collapse 
Figure 9-6 shows the comparison between the measured and predicted cross-shore 
velocities. A good agreement is shown, but it can be argued that the proportionality 
coefficient of 2 in Equation (4.4) results in an overestimation of the expected cross-shore 
velocity. This overestimation wi l l , however, most likely compensate for the 
underestimation of the bore height by the model. Figure 9-6 also shows a series of 
velocities as predicted by different methods as suggested by Asano (1996) and Sunamura 
(1984), Neither of these points were used in assessing the goodness of fit between 
measured and predicted velocity data. In all cases the STRAND model predicts higher 
velocities than those given by Asano (1996), who used Ryrie's (1983) method of 
implementing the NLSW equations in obtaining swash velocities, and Sunamura (1984), 
who used the following equation: 
U-fjl (9,0 
in which U is the cross-shore velocity at bore collapse, Ho is the bore height at collapse, g 
is the gravitational acceleration and hs is the wave induced set-up at the initial SWL 
position. It needs to be pointed out that Sunamura did not measure Ho or hs, but calculated 
them based on Sunamura (1983): 
//o =2.5//fttana (9.2) 
in which Hb is the wave height at breaking and tana is the beach slope; and Sasaki and 
Saeki(1974): 
= //^(l.63tana + 0.048) (9.3) 
There is therefore no justification to assume that the velocities presented by Sunamura 
(1984) are any more representative of the actual velocities than those predicted by the 
STRAND model based on Sunamura's measured data. Asano (1996) used the velocities 
predicted by his model to predict transport rates and compared these with the Kamphuis 
(1991b) data and found his model to be underpredicting. He stated that the reason for the 
underprediction of transport rates is possibly due to the fact that his model assumes purely 
bedload transport, whilst he assumes that in reality large amounts of sediment will be 
transported as suspended load by the vortex as the backwash collides with a new incoming 
bore. Though this may be true, it would suggest that under conditions where no swash 
interaction takes place transport rates would always be low. This is unlikely to be the case, 
given the high velocities measured by Masselink and Hughes (1998) under such conditions. 
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No measurements of longshore velocities have been found against which the STRAND 
model predictions could be validated. This is perhaps not surprising given the magnitude of 
the cross-shore velocity component compared to the longshore component, making it very 
difficuh to measure the latter without completely destroying the velocity field. Also the 
expected velocity angles (Figure 9-4) make it a very difficult parameter to measure. 
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Figure 9-6 Comparison between measured and predicted cross-shore velocities. 
9.2.5 Swash period 
The STRAND model neglects friction effects during swash uprush^ack^ush. This may 
result in an overestimate of the time during which transport can take place. To see whether 
the assumption of a frictionless climb of the swash bore leads to a valid result, it is 
necessary to accurately measure swash periods and compare these to the model predictions. 
During the 1997 fieldwork at Lancing an attempt was made to accurately measure swash 
periods under prototype conditions. Since it is nearly impossible to measure swash angles, 
preference was given to a day with shore normal wave conditions. The experimental set up, 
as used on 08 September at Lancing, is shov^ in Figure 9-7. The top piezometer was 
almost flush with the beach profile and can therefore be considered to give an accurate 
measurement of the swash surface elevation through time as shown in Figure 9-8. 
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Figure 9-7 Central transect and instrument position at the Lancing beach site on 08 
September 1997 am. 
Files which showed swash interaction were not used since this would compromise the 
precise comparison of the predicted and measured natural swash period. From the 
experiment the two files for which the SWL was deemed to be closest to the piezometer 
bank were selected and analysed in terms of the recorded swash height and the time it took 
for the swash elevation to return to zero after the initial arrival of a bore. The bore heights 
taken from these two files (recorded at 11:00 and 11:08 on 08 September respectively) 
were used as input, from which the STRAND model subsequently predicted the expected 
natural swash period. Figure 9-9 shows a comparison between the measured and predicted 
swash period. As can be seen from the graph, the model seems to constantly underpredict 
the swash period. For file L972611100, the mean measured and predicted swash periods 
were 7.67s and 5.65s respectively whilst for the file L972611108 these were 9.73s and 
6.53s respectively. The good correlation suggests that the model predictions and the 
measurements are consistent; yet the underpredition of the swash period by the model was 
not expected. Ignoring the influence of bed friction, the model was expected to result in an 
overprediction of the swash period. It needs to be borne in mind however that bore collapse 
occurs very rapidly and, as such, unless one measures the bore height just before collapse 
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an underestimation of the bore height at collapse is likely to take place. This will then 
result in the model predicting smaller swash periods. 
rrr^ 0.8 
•D 
0) 
^ 
03 
0) 
^ 
O 
-Q 
CD 
C 
q 
'•*-» 
CD 
> 
LU 
0.6 
0.4 
0.2 
0.0 
<D 
•g 0.6 
0) 
o 0.4 
CD 
C 
o 
'7S 0.2 > 
0) 
LiJ 
start of record: JD 261 11:00 
n 1 1 1 1 — 
0 50 100 150 200 250 300 350 
0.0 -
start of record: JD 261 11:08 
0 50 100 150 200 250 
Time [s] 
Figure 9-8 Representative records of surface elevation as recorded at the piezometer bank. 
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Using the bore heights as measured in the experiment, a prediction was made of the 
expected maximum swash extent. Figure 9-10 shows a statistical breakdown of these 
swash zone extents, based on all the bore heights recorded in the two files. The majority of 
swash zone extents are situated around the 6m mark with the true mean being 6.64m. 
Taking the cross-shore difference in distance between the location of the piezometer bank 
and the maximum uprush measured during the experiment (shown in Figure 9-7) result in a 
value of 6.00m, which ties in well with the predicted 6.64m. This suggests that on steep 
beaches the model does not appear to overpredict the swash zone extent by a significant 
amount. 
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Figure 9-10 Histogram of the expected maximum swash run-up as given by the STRAND 
model based on the swash elevation measured at the piezometer bank at the SWL at 11:00. 
9.2.6 Permeability 
The STRAND model allows for the possibility of including the potential influence of 
permeabilit}' by means of Equation (4.31) (Nielsen, 1997). This equation assumes a 
knowledge of the bulk seepage velocity which may be calculated from the hydraulic 
conductivity and the hydraulic gradient, /. This in turn is assumed to be given by: 
/ = Q 4 / , X ) (9.4) 
in which C/ is a proportionality coefficient and d is the surface elevation of the swash as a 
function of time (/) and cross-shore location (x). Figure 9-1 liop shows a record of swash 
waves as recorded by the wave pressure transducer on the beach face at piezometer bank A 
(see Figure 6-8 and Figure 9-7). The pressure transducer was situated at a height of 3.535m 
OD whilst the top, mid and /oiv piezometer in that bank were situated at 2.533m, 2.386m 
and 2.230m respectively. This shows that the piezometer bank starts from Im below the 
surface, extending over only 0.3m. This is deeper and less extensive than ideal but is an 
unfortunate consequence o f the high profile variability o f the shingle beach which limited 
the precision with which the piezometers could be placed. Figure 9-11 bottom shows the 
hydraulic gradients between the different sensor locations, based on the distance between 
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them and the hydrostatic head measured over the same sampling period (a negative value 
for the hydraulic gradient suggests potential for infiltration). From Figure 9-11 it can be 
seen that the hydraulic gradient, even at depth, still varies according to the swash elevation 
at the surface. However, these variations are relatively small compared to the mean values 
which are tidally induced. 
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Figure 9-11 Representative record of surface elevation and hydraulic gradient as 
recorded at the piezometer bank close to the SWL on Lancing beach at 12:53 on JD 
261. 
Figure 9-12iop shows the first two minutes of the record shown above. Figure 9-12boiu)m 
shows the corresponding detrended hydraulic gradient. From this graph it can be clearly 
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seen how closely the variations in the hydraulic gradient follow the evolution of the swash 
elevation at the surface. 
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Figure 9-12 First two minutes of the representative record of surface elevation 
and demeaned hydraulic gradient. 
Using the detrended hydraulic gradients which can be assumed to be purely swash 
dependent it is possible to calculate the highest potential for infiltration (most negative 
value) and the highest potential for exfiltration (most positive value) incurred under the 
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swash waves. The limited data points do not allow for establishing with any degree of 
confidence a trend in the relationship between the variation in hydraulic gradient and 
changes in depth. As such, a simple linear relationship is proposed to represent the 
relationship between the hydraulic gradient for both infiltration and exfiltration relative to 
the depth below the surface (Figure 9-13). Although the STRAND model through Equation 
(9.4) can only account for infiltration, taking the mean of the best f i t lines for both 
infiltration and exfiltration results in the mean hydraulic gradient as a result from the swash 
as a function of depth (represented in Figure 9-13 by the thicker black curve). Calculating 
the root mean square swash height for the record results in a value of 0.20m whilst at a 
depth of one mean grain diameter (w0.02m) the mean swash induced hydraulic gradient is -
0.12 which would suggest that C/ in Equation (9.4) must be of the order of -0.6. 
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Figure 9-13 Relationship between the swash induced hydraulic gradient and the depth 
below the beach face. 
The above values for the hydraulic head near the surface are similar to those measured 
under laboratory conditions by Baldock and Holmes (1996) in sediment of 1.5mm. Though 
researchers, such as for example Turner and Masselink (1999), have suggested that 
infiltration acts as a stabilising effect during the swash motion on sand beaches, it needs to 
be assessed whether this is the case on shingle beaches. In order to do this it needs to be 
appraised whether the beach has the time to drain between swashes. Figure 9-14 shows the 
pressure head readings of the top, mid and low piezometer in piezometer bank A. These 
readings were taken as the tide recedes on JD 261 14:10, after the above measurements 
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were made, and provide an estimate of the natural drainage rate of the beach. This drainage 
wil l have both a horizontal and a vertical component to it, but i f it is assumed that the 
vertical component is dominant, then it can be seen from Figure 9-14 that the beach 
experiences a vertical drainage of 0.4mm/s. However, taking the mean value for the 
hydraulic gradient near the surface of -0.12, as suggested above, and multiplying that with 
a value of 0.024 for the hydraulic conductivity would lead to a bulk infiltration velocity of 
3mm/s. This is an order of magnitude larger than the natural drainage rate of 0.4mm/s. This 
would suggest that under normal swash conditions the beach will become saturated very 
rapidly and wil l not have sufficient time between swashes to dry up again, making it 
unlikely for any significant amount of water to be lost from new incoming swash waves. 
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Figure 9-14 Drop in pressure head as measured by the top, mid and low piezometer in 
piezometer bank A as the tide recedes; JD 261 14:10. 
9.3 Transport rates 
Since the ultimate aim of the STRAND model is to provide reliable estimates of the 
sediment transport, in particular the potential for longshore transport in the swash zone, 
this section compares the predictive capability of the model in terms of transport rates. For 
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clarity, the comparison is subdivided into cross-shore orientated transport rates and 
alongshore orientated transport. 
9.3.1 Cross-shore transport in the swash zone 
Severe beach changes as a result of cross-shore transport frequently appear to happen in the 
swash zone. Sawaragi and Deguchi (1978) present cross-shore transport rate distributions 
measured under laboratory conditions which show cross-shore transport at the SWL (see 
Figure 2-7 in Chapter 2). They did not, however, present quantitative cross-shore transport 
rates in the swash zone. Sunamura (1984) presents cross-shore transport rates for a 
laboratory swash zone. However, these transport rates are based on the change in beach 
topography above the SWL and a time averaged sediment flux assumed to take place 
through the water depth at the initial SWL position. This does not indicate a high control 
on the data obtained in this fashion and may help to explain the large scatter showing in 
Sunamura's data, despite consisting of transport rates averaged over one hourly 
experimental runs. 
Masselink and Hughes (1998) published values for the immersed weight of sediment that 
they trapped during both the uprush and the downrush of several swash events. These 
measurements were conducted under hydrodynamically similar conditions and were all 
spot measurements taken in approximately the mid swash position on a steep sand beach 
(1/7.2 beach slope; D50 = 0.5mm). The 27 swash events presented by Massehnk and 
Hughes (1998) give a mean immersed weight of sediment trapped during the uprush of 
164N/m (with a standard deviation of 130N/m) and a mean immersed weight of sediment 
trapped during the downrush of 188N/m (with a standard deviation of 172N/m). Using the 
hydrodynamic input parameters as presented by Hughes and Masseiink and assuming a 
void ratio of 0.47, the STRAND model estimates the total immersed weight of sediment to 
pass the trap position to be 28N/m and 46N/m for the uprush and downrush respectively. 
These values are considerably lower than those measured by Hughes and Masselink though 
in their paper they do report measurements as low as 14 and l8N/m for the uprush and 
backrush respectively. In addition there is the fact that the position of the trap relative to 
the SWL was not very well fixed, which combined with the high variability of sediment 
transport in the swash zone, makes it difficult to compare the model predictions with the 
trap measurements. 
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During the 1997 field work at Lancing an attempt was made to monitor the evolution of the 
cross-shore transport through time. The experimental set-up, as used on 21 October on the 
central transect of the groyne embayment where most of the experiments took place at 
Lancing, is shown in Figure 9-15. The hydrodynamic parameters such as wave height and 
period and the evolution of the tide through time were monitored using the IWCM whilst 
the sediment was trapped using the mobile trap NESSIE (see Chapter 6, Section 6.3.3). 
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Figure 9-15 Beach profile and position of the mobile trap (NESSIE) at the Lancing beach 
site on 21 October 1997 am. 
Figure 9-16 shows the progression of the SWL and swash zone up the beach relative to the 
mobile trap position. Negative numbers in the figure signify a position lower, or more 
seaward, than the trap location. The waves experienced during the first half of the 
experiment were slightly higher as can be seen from the decline in maximum swash zone 
extent in the second half of the experiment. The mean water depth indicated on the graph 
was obtained from measurements taken by the IWCM. For this experiment the IWCM was 
programmed to take I7minute data files at 20 minute intervals. As such, the horizontal 
error bars on the graph indicate the uncertainty in the statistical parameters such as wave 
height, period, water depth etc. during the sampling interval. The trap can be considered to 
be in the swash when its position falls below the maximum swash zone extent. As such, the 
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first two and last two data files of the IWCM have no transport rates associated with them. 
Neither do the four files at the top of the tide, since the trap was no longer in the swash 
zone and conditions had become too dangerous to safely operate the trap. The grey areas on 
the graph signify those moments in time when the trap can be considered to experience 
swash zone conditions. Strictly speaking, any point situated in the zone where the SWL is 
landward of the mobile trap does not belong to the swash zone. However, the cross-shore 
transport is likely to be at a maximum at the SWL (gradually diminishing towards the top 
of the run-up) suggesting that locations just seaward of the SWL are likely to be 
characterised by equally high cross-shore transport rates. 
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Figure 9-16 Swash progression up the beach relative to the position of the mobile trap 
(NESSIE) at the Lancing beach site on 21 October 1997 am. 
Figure 9-17 shows the measured and predicted transport rates. The trap data show the same 
trend in cross-shore transport distribution as the model, in that the maximum cross-shore 
transport rates are experienced in the vicinity of the SWL, reducing quickly as the distance 
between the trap and the SWL increases. Quantitatively the match is less good and on the 
downrush the model tends to predict far larger transport rates. A much closer match is 
however unlikely to occur, given the way in which the trap is operated, with insertion and 
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extraction of the trap, to avoid the washing out of sediment, based on the visual 
observation of flow reversal. In addition, the hydrodynamics fed into the model are based 
on the frill 17 minutes as recorded by the IWCM whilst the measured transport rates are 
obtained over a much shorter time interval of a few minutes or sometimes just a few 
swashes. 
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Figure 9-17 Comparison between measured and predicted cross-shore transport at the 
mobile trap position at the Lancing beach site on 21 October 1997 am. 
9.3.2 Longshore transport in the swash zone 
Bodge (1989) commented that to date the longshore transport in the swash zone is largely 
ignored by all longshore transport models. At the same time. Bodge and Dean (1987) 
showed that for plunging/collapsing breakers the swash zone accounts for at least 60% of 
the longshore transport taking place. On steep shingle beaches the majority of waves can be 
expected to break in a plunging fashion, suggesting that a large proportion of the longshore 
drift is likely to take place in the swash. Elfrink's (1997) model, which extends over both 
the swash and surf zone, does not show such an increased transport in the swash zone when 
run for steep beaches (steeper than 1/20). However, when grain size and beach slope are 
both increased, the model does start to attribute more importance to the swash zone. No 
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explanation was given for this characteristic. The BORESED model (Chadwick, 1991a, b) 
which was specifically written for shingle beaches also does not predict high transport rates 
in the swash zone, as shown in Figure 2-8 of Chapter 2. Though the cross-shore 
distribution of the alongshore transport in that figure was predicted using MNFACT equal 
to 2.3, whilst the final calibration suggested a value of 2.7, this does not affect the 
predicted distribution but would only increase the magnitude of the predicted transport. 
Figure 9-18 shows the increase in transport rate with increasing values for MNFACT. 
Increasing MNFACT from 2.3 to 2.7 results in a five fold increase in transport rate (Figure 
9-18). This means that all the values of Figure 2-8 of Chapter 2 need to be multiplied by 5 
to represent the transport rates as calculated by the calibrated BORESED model. 
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Figure 9-18 Variation of predicted longshore transport rate 
with Manning's n factor (MNFACT) as used in the 
BORESED model, taken fi-om Chadwick (1991b). 
Figure 9-19 shows the comparison between the longshore transport in the swash (x = 0 at 
the point of breaking) as predicted by STRAND and BORESED respectively for the input 
given on Figure 2-8 of Chapter 2. The two points to be noted are the considerably longer 
extent of the swash zone and larger transport rates as predicted by the STRAND model. 
The first is a result of the assumption of a frictionless rise of the swash bore made by the 
STRAND model, whilst the BORESED model does take friction into account, thus 
shortening the extent of the swash. 
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Figure 9-19 Comparison of the longshore swash transport as predicted by 
STRAND and BORESED respectively. 
The lower transport rates predicted by the BORESED model are a result of the gradual 
period averaged decay in both the predicted cross-shore and longshore velocities between 
the point of wave breaking (where the initial bore is assumed to form) and the point of 
maximum wave uprush. The BORESED model predicts an almost linear decay of the bore 
height between the point of breaking and the point of maximum wave uprush. This implies 
that the model does not incorporate a bore collapse near the SWL and thus omits the rapid 
conversion of potential energy into kinetic energy, with an associated acceleration of the 
fluid velocity at the bore front, at this point (Yeh et al., 1989). For the given input the 
STRAND model predicts a bore height of 0.52m with an associated transport of 
0.0004mVsm. This transport rate is of the same order of magnitude as the transport rate 
predicted by the BORESED model at the point of wave breaking (O.OOOSmVsm). The 
Iribarren number for the input used in this simulation is of the order of 0.71, implying wave 
breaking to take place through plunging. 
Using the long-term wave data for Shoreham (see Section 8.3.3 in Chapter 8) as input, the 
STRAND model predicts a net swash zone longshore transport rate of 10,800mVa. 
Comparing this figure with the measured mean net annual transport rates on that site of 
15,000 - 20,000m^ (Chadwick (1989), Wilson (1996)) suggests that between 50 - 70% of 
the longshore transport can be accounted for by swash zone transport. The BORESED 
model was calibrated against the long term wave and transport data from Shoreham and as 
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such, although underestimating the swash zone transport, the model makes up for this 
underestimation by overestimating the shingle transport in the inner surf zone. The 
BORESED model was also run against stationary trap data collected on Shoreham beach 
and was found to be in reasonable agreement with the data (Chadwick, 1989 and 1991b), 
which would initially suggest that the distribution as predicted by the model is a fair 
representation of the prototype transport distribution. However, given the high potential for 
transport in the swash zone, it is possible that the correlation between the BORESED 
prediction and the trap data (Chadwick, 1991b) is based mostly on sediment volumes 
trapped almost solely in the swash zone, rather than across the surf and swash zone. This is 
likely to be the case, since the efficiency of surface mounted traps on shingle beaches has 
been called into question (Bray et al., 1996) and so has the assumption of temporal stability 
across the surf and swash zone (Van Wellen et al., 1999). Bray et al. pointed out that the 
trapping efficiency of surface mounted traps on shingle beaches is often compromised by 
scour or accretion around them and the washing out of trapped sediment. The temporal 
stability assumption across the surf and swash zone used for working the trapped sediment 
volumes up to a total longshore transport rate is dubious given the high potential for 
transport in the swash zone. The sediment in the traps as they re-emerge after a tidal 
inundation is therefore likely to be the result of the swash zone hydrodynamics and to a far 
lesser degree from the surf zone processes. It can thus be argued that the correlation 
between the trapped sediment volumes and the BORESED prediction is that of a 
correlation with the swash zone transport rather than the combined surf and swash zone 
transport. 
hi view of the highly dynamic nature of the swash zone and the extremely large ratio 
between the cross-shore and longshore component of the swash fluid velocity vector, it is 
nearly impossible to efficiently and reliably measure the longshore transport in the swash 
zone. Any trapping device introduced in the swash zone is likely to alter the fluid velocity 
pattern so significantly that it will completely destroy the true longshore component of the 
velocity vector and thus the transport vector. Kamphuis (1991a, b) presents alongshore 
transport rate distributions which include the swash zone. To date these laboratory 
measurements form the only coherent dataset which quantitatively includes the longshore 
transport in the swash. The laboratory set up consisted of a movable bed with a sediment 
trap located at the downdrift end of the beach. The trap was designed to separate bedload 
from suspended load and to measure their distribution across the swash and surf zones. At 
the same time the trap was designed to allow the alongshore currents to pass over the trap 
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and circulate back towards the wave generator at the end of the test basin without 
interfering with the beach face flow patterns. The sediment content of each trap was 
measured every 15 minutes. Further details regarding the experiment can be found in 
Kamphuis (1991a, b). The fact that the experiments were conducted under strictly 
controlled conditions using techniques specifically chosen to minimise the impact on beach 
face flow patterns make it the best dataset to date to use for a longshore swash zone 
transport model. 
Kamphuis did not explicitly split the recorded transport rates up into swash transport and 
surf zone transport. It was therefore necessary to extract the swash transport from the 
alongshore transport rate distribution curves displayed by Kamphuis (1991a). The 
alongshore transport assigned to the swash zone was taken consistently as being all the 
transport between the most landward point where transport was measured and the most 
landward maximum in the alongshore transport, which was usually close to the location of 
the SWL. The sum of this transport was taken as being the longshore swash zone transport 
rate for each test from which the mean swash transport could be calculated. The 
hydrodynamic parameters used by Kamphuis in his tests were then fed into the STRAND 
model and the output was compared with the measured transport rates (Figure 9-20). Tests 
IM and IP were ignored in the comparison on Figure 9-20 in view of the fact that trend 
analysis on the intermediate results obtained from those experiments identified them as 
outliers. 
A good agreement is shown for both the maximum expected transport rate and the swash 
zone averaged transport rate, hi general the STRAND model appears to underpredict the 
maximum swash transport, but this seems to be compensated for by the expected 
overprediction of the swash zone extent, resulting in a very good correlation for the mean 
swash zone longshore transport rate. The good correlation between the model predictions 
and Kamphuis's measured dataset is particularly encouraging since the dataset is the most 
optimally suited dataset to date for the validation of longshore transport in the swash zone. 
The good match against the Kamphuis data without the need for the introduction of any 
calibration coefficient also appears favourable when viewed in the context of Briand and 
Kamphuis's (1993b) attempt to include the swash zone transport in the total longshore 
transport of their quasi 3D numerical model (Briand and Kamphuis, 1993a, b). Their quasi 
3D numerical model stopped at the SWL and did not attempt to include swash zone 
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hydrodynamics. Instead they opted to represent the longshore swash transport {Qs^vash) by 
means of: 
t r 7 /3 
e . . . = KgXi:^ I - i ^ s i n ^ - ^ 2 0 (9.5) 
in which g is the gravitational acceleration, X^max is the maximum swash zone extent, is 
the fall velocity of the sediment and Z,, //and ^are the wave length, height and angle at the 
shoreline. A" is a calibration coefficient equal to 0.55 for the tests which used regular waves 
and 0.90 for the tests which used random waves. In addition their model only accounted for 
longshore transport in the swash and did not assess the cross-shore transport in the swash. 
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Figure 9-20 Comparison of measured and predicted longshore swash zone transport rates. 
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9.4 Summary and discussion 
The STRAND model has been validated against both hydrodynamic data and transport 
measurements. A selection of both model and prototype measurements were used. A 
continuing lack of available swash zone data was also highlighted. 
Comparison of the swash trajectory with U-ajectories observed by van Hijum and Pilarczyk 
(1982) shows good agreement, suggesting that the adjustment of a symmetric (no friction) 
trajectory to an asymmetric trajectory is not essential, even on coarse grained beaches. A 
good agreement was also found between the predicted and measured bore height at the 
SWL. The STRAND model suggests that on steep beaches a wave is likely to retain almost 
seventy percent of its breaking height, allowing a significant amount of energy to reach the 
SWL and therefore giving significant transport potential in the swash zone. STRAND, as 
shown in Figure 9-6, also performs satisfactorily in predicting the cross-shore velocities, hi 
this context it is unfortunate that at present there are no data in the public domain to 
validate the angle reduction between the point of wave breaking and bore collapse, since 
this determines the proportionalit>' between cross-shore and longshore velocities and thus 
transport rates. 
The predicted and measured values of maximum swash extent show a less consistent 
correlation. This is more than likely a by-product of the vastly different methods employed 
to estimate the maximum run-up. Given the fact that most measured values are likely to be 
an underestimate of the true swash zone extent, it is promising that the STRAND model 
almost constantly predicts higher values for the run-up. In addition, the model compares 
well to field observations on the steep beach at Lancing. 
An unexpected underprediction of the natural swash period was also found. Ignoring bed 
friction and allowing for long swash run-ups would suggest that the model is likely to 
overpredict the natural swash period. The most likely explanation is that the SWL was 
slightly seaward of the measurement point resulting in an underestimation of the true bore 
height at the point of collapse which in turn would result in an underprediction of the 
expected natural swash period by the model. 
A preliminary calibration of the C/ coefficient for the inclusion of the influence of beach 
permeability in the STRAND model is put forward. This calibration is site specific and 
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should not be extrapolated to other sites without additional experimentation. The values 
found for the hydraulic gradient resulting from the swash motion, which is superimposed 
on the hydrostatic hydraulic gradient, are within the bounds of those used in the sensitivity 
analysis in Chapter 4. It also needs to be stressed that in view of the uncertainty of the 
permeability coefficient of coarse grained beaches (Souisby, 1997) more detailed work at 
this stage does not seem warranted. Any potential improvement will have to rely on 
controlled laboratory experiments rather than on field measurements. In this context it is 
worth mentioning that the low drainage velocities of the beach seem to suggest that the 
beach will have insufficient time to dry before a next swash wave arrives. This would 
suggest that even on a shingle beach the sediment in the swash zone is likely to be in a 
saturated or near-saturated condition. As such, a much more complex model would be 
needed to represent the influence of beach face porosity on the swash transport rather than 
the present straightforward infiltration method. 
The transport rates as predicted by the STRAND model show good agreement with the 
measured data. The trend in cross-shore transport is well reproduced by the model, noting 
however that a tendency exists to overpredict the offshore orientated transport. In addition, 
the model gives a good match to the mean annual long term longshore transport at 
Shoreham based on the expected swash transport contribution as given by Bodge and Dean 
(1987). Also in the longshore direction, the model succeeds in accurately reproducing the 
swash zone drift measured by Kamphuis (1991a, b), which is the only reliable data on this 
subject to date. Since the STRAND model treats the sediment transport in the swash as a 
vector throughout its computations it can evaluate both cross-shore and longshore transport 
simultaneous which gives it an advantage over the approach used by Briand and Kamphuis 
(1993b). In addition, no calibration coefficients were introduced to obtain the match to the 
data shown in Figure 9-20. 
The STRAND mode! has been validated against a broad set of data which encompassed 
both model and prototype measurements and covered a wide range of conditions in terms 
of grain size, beach slope and wave conditions. The overall results indicate the validity of 
the comparatively computationally cheap STRAND model with its mostly physics based 
relationships. However, increased confidence in the model and its validation could be 
obtained if the model were to be validated against a single complete dataset. With a 
"complete dataset" it is inferred that the set would be self-contained, in that it would 
contain measurements of all parameters used and produced by the model, such as wave 
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angle at breaking, wave angle at bore collapse, breaking wave height, bore height at 
collapse and transport rates. Such measurements would be best collected under tightly 
controlled laboratory conditions. To date, however, no such datasei exists. 
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CHAPTER 10 
DISCUSSION AND CONCLUSIONS 
10.1 Discussion 
The literature review clearly identified that the swash zone on steep coarse grained beaches 
cannot be ignored in terms of its contribution to the cross-shore and longshore transport 
budget. Yet, despite the importance of coarse grained beaches in terms of coastal 
protection, the literature review found that most engineering models largely ignore swash 
zone processes. This appears to be because the sediment transport models used for shingle 
beaches are largely adaptations of existing models developed for sand beaches. On steep 
coarse grained beaches, the swash zone extent may be significant compared to the surf 
zone width and, accordingly it would seem unwise to continue to apply methods which 
were developed for mild slope fme grained beaches. In addition, it was found that those 
equations, which are presently being used for predicting the longshore transport on shingle 
beaches, have been mostly calibrated using a very limited dataset. Models for cross-shore 
transport on shingle beaches share a similar lack of attention. 
The accumulated evidence from the literature and the field work conducted during the 
Shingle Beach Transport Project shows that there is a strong case for including the swash 
zone in future transport calculations, both in the cross-shore and longshore directions. It is 
unlikely that even the physics-based equations, such as the Damgaard and Soulsby (1996) 
equation or those derived in Chapter 3, will lead to large improvements in bulk longshore 
transport predictions because they only account for swash zone transport through a 
proportionality coefficient. This suggests that, like the SPM84 equation, these models are 
likely to need site specific calibration. Equations which take both the swash and the surf 
zone into account, such as the Kamphuis equation (1991b) and the analytical equation 
derived from the BORESED model, are likely to offer only a moderate improvement, since 
these equations merely parameterise the total transport, rather than attempting to address 
the underlying physics. This also indicated in Chapter 8 where an intercomparison of a 
wide selection of existing and new longshore transport equations used on shingle beaches 
was presented. As such, one of the conclusions of this study is that the transport in the surf 
zone and the transport in the swash zone should be treated separately in order to improve 
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our understanding of longshore transport. The reason for this decoupling lies in the fact 
that surf zone transport is a result of the gradual dissipation of wave energy, whilst swash 
zone transport is a result of the rapid conversion of potential into kinetic energy and the 
associated transfer of momentum to the sediment during bore collapse and subsequent 
uprush and downrush. 
An additional reason why methods used on sand beaches do not appear to work very well 
on shingle beaches is the difference in current conditions inside the surf zone. For example, 
a comparison between predicted and measured alongshore currents in the surf zone showed 
large discrepancies. The predictions were made based on the approach as given by 
Longuet-Higgins (1970) which was originally developed for mildly sloping sand beaches. 
This suggests that equations which incorporate the classical alongshore current distribution 
are unlikely to provide good predictions on steep shingle beaches. 
Most longshore transport models, whether specifically developed for shingle transport or 
adapted from sand transport models (e.g. the SPM84 equation), have at some stage been 
calibrated against tracer data. However, in order to obtain reliable longshore shingle 
transport data against which to validate present and future coarse grained transport models, 
present day tracer studies need to be improved. It has been established previously that 
preferential transport based on grain size can bias tracer results (Jolliffe, 1964). Although 
this may be of limited influence for sand size material, on gravel sized material the 
discrepancies in particle movement may become sufficient to distort the relationship 
between tracer movement and the movement of natural beach material. As such, it is of the 
utmost importance to get a close match between the natural beach material distribution and 
the tracer size distribution. In addition, determination of the active beach width on macro-
tidal beaches (where many of the UK tracer experiments have been carried out recently) 
should be made time dependent as opposed to the more static approach used today. At 
present, it would seem that for practical engineering problem solutions it remains prudent 
to obtain the long term longshore transport rates from accurate volumetric surveys obtained 
during impoundment experiments. Although this may blur the direct relationship between 
hydrodynamics and transport rates, the technique offers the advantage of working 
independently of grain size and at the same time reduces signal noise in the transport rate 
measurement. 
In order to describe specifically the swash zone hydrodynamics and the associated cross-
shore and longshore sediment transport, a time-dependent model (STRAND) was 
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developed. The model, which was specifically developed for shingle beaches, typically 
found on the south coast of England, uses a parabolic description of the bore progress 
across the beach face (Shen and Meyer, 1963). The model has a modular build so that it 
can be readily extended to allow for the incorporation of new knowledge. Transport rates 
are calculated on a physics based approach (Shields, 1936; Nielsen, 1992), assuming 
bedload or sheetflow conditions dominate. Transport is represented as a vector property 
throughout the model and is only resolved in its longshore and cross-shore components at 
the end of each model run. The more process based approach adopted in the model offers a 
distinct advantage over the more parametric based approaches (e.g. Briand and Kamphuis, 
1993b). In addition, the model is computationally cheap and can be run either on its own or 
in combination with existing surf zone transport models to increase the coverage of the 
coastal zone. 
The performance of the STRAND model was validated against a wide range of model and 
prototype data. The validation was split up in two main blocks. The first part looked at how 
well the model performed in reproducing hydrodynamic parameters such as swash 
trajectory and swash period. The second part of the validation process examined how well 
the model predicted both the cross-shore and, in particular, the longshore transport 
components in the swash zone. 
The STRAND model gave good results when run against a wide range of data collected 
under both laboratory and field conditions. The model mirrors the large potential for 
longshore transport attributed to the swash zone by field and laboratory data (Kamphuis, 
1991a; Bodge, 1989). The elementary way in which swash interaction is included in the 
model also seems to correspond with velocity measurements made under laboratory 
conditions (Baldock and Holmes, 1997), justifying the computationally cheap approach. 
Overall, the STRAND model was found to offer a computationally inexpensive solution 
for producing realistic estimates of the swash zone transport potential. 
The STRAND model also offered some interesting insights into the dependence of 
transport characteristics on wave conditions. Chapter 4 showed that there are optimum 
parameter combinations for maximum transport rates both cross-shore and longshore. This 
suggests that there is no monotonic relationship between e.g. the wave period and the 
longshore transport as often found in empirical transport formulae. In addition, the model 
offered a possible explanation for onshore transport on coarse grained beaches during steep 
wave conditions (e.g. Holmes el al., 1996); if the wave period becomes sufficiently small 
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compared to the natural swash period, the offshore directed swash transport is significantly 
reduced by the new incoming bore, resulting in onshore transport under steep wave 
conditions. 
Extreme wave uprush and percolation have been put forward as one of the main reason 
why beaches build up {e.g. Carter and Orford, 1993). However, the STRAND model, using 
a simplified approach to account for percolation, could not attribute great significance to 
this process. On shingle beaches, where the loss of swash water volume through 
percolation would potentially be high, it would seem that the actual loss of water compared 
to the swash volume is rather small. In addition, based on groundwater measurements and 
model results, it would seem that the beach in the swash zone does not get sufficient time 
to dry, and a saturated condition in which the pores between the sediment are filled with 
water would be reached very quickly. Saturated conditions are more likely to result in an 
increase in transport potential, due to the decrease in the relative weight of the sediment 
and the cyclical change in pressure gradients close to the bed surface under the swash 
action, and accordingly the deposition presumed to occur through high infiltration does not 
occur. It is also worth pointing out that at present the understanding of beach groundwater 
processes lags that of sediment transport, and a major handicap is the high spatial 
variability in permeability that sediment can exhibit. The porewater pressure readings 
collected 1 metre below the surface at Lancing beach suggested a drainage velocity under 
gravity alone close to 0.4mm/s. Hillel (1980) states that under gravity alone seepage 
through a soil will take place at a rate almost equal to the hydraulic conductivity so that a 
coarse sand soil would lose water at a rate of approximately O.lmm/s. This value is 
comparable to the one found on the shingle/gravel beach of Lancing suggesting that in 
terms of hydraulic conductivity the beach acts more like a sand beach than a gravel beach. 
Mason (1997) came to a similar conclusion using measured and modelled water table data 
from a mixed beach in North Wales. Excavation into Lancing beach showed that the sand 
fraction tends to increase with depth. Mason et al. (1997) found that gravel mixed with 
only 20 percent sand by weight experiences a drop in hydraulic conductivity by an order of 
magnitude. It is this variability in groundwater characteristics, coupled v^th the highly 
variable nature of beach sediment composition (both in a planar and vertical sense) which 
lead to the conclusion that at present it seems unwarranted to introduce a full groundwater 
model to the STRAND model. Nevertheless, the modular approach allows future research 
findings to be readily incorporated, which may improve the model predictions. 
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10.2 Conclusions 
• Based on the literature search and the results from the present field study, it is apparent 
that significant cross-shore and longshore transport occurs in the swash zone, with both 
cross-shore and longshore transport rate distributions reaching a maximum near the 
SWL. 
• Transport models, regardless of methodology, are unlikely to offer a significant 
improvement in the prediction of transport on steep coarse grained beaches if they do 
not include swash zone processes. 
• No one single equation is the most suitable for predicting longshore shingle transport. 
Based on the comparison of the different T L T equations a modified Kamphuis 1991b 
equation such as the equation suggested by Schoonees and Theron (1996) offers a 
suitable solution for engineering purposes. More shingle transport data is however 
needed to further evaluate this. Equations such as the Schoonees and Theron (1996) and 
the Bailard (1984) equation, which also performed well in the compzuison, are likely to 
need some site specific calibration. Even physics based equations such as the Damgaard 
and Souisby (1996) equation are likely to be in need of some site specific calibration, 
since they do not include the swash zone in their calculations. 
• Littoral tracer theory in its present form is not applicable to coarse grained steep 
beaches; more work is needed on the quantification of size dependent preferential 
transport, the determination of active width and depth of disturbance. 
• A new model (STRAND) has been developed which offers a potential insight into the 
way shingle beaches sometimes exhibit onshore transport near the shoreline, even 
during steep wave conditions. The model suggests that if the wave period drops below 
the natural swash period, swash interaction allows for the newly incoming bore to 
significantly reduce the offshore directed transport generated by the previous bore, thus 
resulting in a potential net onshore transport. The model also suggests a significant 
potential for longshore transport under swell wave conditions which means that swell 
waves on a shingle beach need not necessarily be constructive in nature. 
• Based on the present knowledge of infiltration/exfiltration processes and the variability 
of the hydraulic conductivity characteristics of natural beaches, the inclusion of 
infiltration/exfiltration is not expected to significantly improve the predictive 
capabilities of swash zone transport models on shingle beaches. 
• Models which try to estimate the transport in the swash zone should preferably not use 
depth dependent drag coefficients due to the instabilities that result from the rapidly 
thinning nature of the swash lens profile. 
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10.3 Future work 
At present the STRAND model only predicts sediment transport in the swash zone. A 
useful extension would be to include a surf zone transport model. This would allow for the 
cross-shore distribution of longshore transport to be calculated in the surf zone so that a 
T L T rate can be computed using one model. This could be done on the basis of an energy 
dissipation approach inside the surf zone and is expected to result in a longshore transport 
distribution not dissimilar to the one depicted in Figure 10-1. A link-in with Briand and 
Kamphuis's (1993) model or the C0SM0S-2D model (e.g. Southgate and Nairn, 1993) 
would be an option. 
Local 
longshore 
transport 
ix/Itotal 
SWL/shoreline 
Point of wave 
breaking 
Swash Zone Shoaling Zone 
0 1 
Distance from shoreline x/xb 
Figure 10-1 Schematic representation of the expected longshore transport 
distribution on a steep coarse grained beach. 
At present our knowledge of friction effects during swash uprush and backrush is limited 
(Hughes, 1995), but future development could warrant the inclusion of friction, particularly 
when determining the shoreline position. This would probably result in more asymmetry 
between offshore/onshore transport and may also influence the magnitude of the longshore 
transport. 
The time evolution of the beach profile could be studied by coupling the STRAND model 
in its present form to a morphodynamics module. The model at present assumes the beach 
face to be fi-ee of bed forms which, although generally a reasonable assumption in the 
swash zone, does neglect form friction caused by 3D effects such as beach cusps. 
Another development of the model would be the detailed inclusion of the influence of 
groundwater and percolation. However, this is likely to significantly increase the 
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computation time required by the model and should therefore only be attempted when 
increases in the understanding of beach groundwater processes warrant it. Nevertheless, 
such effects could be included in the STRAND model, which does not appear possible or 
realistic using the conventional T L T equations. 
Finally, in order to increase the understanding of transport processes on coarse grained 
beaches in general, and swash zone processes in particular, a need exists for complete 
datasets gathered under tightly controlled conditions. However, the harsh envirorunent on 
shingle beaches often makes it impossible to obtain reliable measurements. In addition, the 
highly dynamic and variable nature of swash zones on steep macro-tidal beaches makes it 
uneconomical to obtain specific measurements under prototype conditions. Consequently, 
a near prototype scale laboratory study would prove extremely beneficial. 
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C O A S T A L SEDIMENT TRANSPORT ON S H I N G L E B E A C H E S 
Erik Van Wellen', Andrew J. Chadwick', Paul A. D. Bird' , 
Malcolm Bray^, Mark Lee^ and John Morfett'* 
Abstract 
A large scale collaborative field based research programme aimed at improving the 
current knowledge and understanding of the coastal processes associated with shingle 
beach morphodynamics is presently underway in the South of the UK. The primary stage 
consisted of a field measurement campaign undertaken in the autumn of 1996 on an 
undisturbed shingle beach. The campaign and the data collection is described and some of 
the initial data collected during that campaign are presented. 
Introduction 
The management of beaches is an important and effective means for protecting 
coastal areas. Increasing research efforts in this field have been aimed mostly at trying to 
understand and quantify the elements which govern the morphodynamics of beaches over 
both long and short time scales in terms of the longshore and cross-shore movement of 
sediment. To date, predominantly sand beaches have received the bulk of the attention. The 
number of documented studies and available data on sand beaches ranging from 
analytical/numerical models, over laboratory tests, to large scale field experiments is 
therefore considerable. In strong contrast is the moderate attention that coarser grained {i.e. 
shingle) beaches have received. Studies of the processes governing shingle beach profiles 
have mainly been limited to empirical models of profile development based on laboratory 
studies (Pilarczyk & den Boer, 1983 and Powell, 1990). The study of longshore transport 
on shingle beaches has been mainly restricted to the use of variations of the CERC formula 
from the US Army Corps of Engineers (1984) combined with laboratory studies. Almost all 
models focusing on shingle beach processes have relied on laboratory data. Two exception 
are Chadwick's model (1991) which was validated from his own field study (Chadwick, 
1989) and a longshore transport formula for bed load by Damgaard and Soulsby (1996) 
which was validated against field data from several sites including the work of Chadv^ck 
(1989). This scarcity of field data indicates that the best way in which the understanding of 
shingle beach morphodynamics could be furthered is through the execution of a large scale 
field experiment. 
' School of Civil & Structural Engineering, University of Plymouth, Palace Court, Palace Street, Plymouth, 
PLl 2DE, Devon, UK, EVANWELLEN@plymouih.ac.uk 
^ Department of Geography, University of Portsmouth 
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•* Department of Civil Engineering, University of Brighton 
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Such an experiment has now been designed by a partnership made up of HR 
Wallingford and the Universities of Portsmouth, Brighton, Southampton and Plymouth. 
The funding for the project is provided by the U K Ministry of Agriculture, Fisheries and 
Food (MAFF). 
This paper seeks to describe the methods used and the measurements taken by the 
respective partners in the collaborative field programme aimed at determining and 
quantifying the governing factors which control shingle beach morphodynamics. 
Aims and objectives 
The general project aim is to develop improved techniques for the prediction of 
shingle beach transport and morphological development based upon large scale field 
experiments. The objectives to achieve this aim are to: 
1. undertake comprehensive series of field measurements of hydrodynamic conditions and 
concurrent sediment transport. 
2. use the field data to test and/or adapt existing shingle transport models 
3. link transport processes with resulting beach morphology over a range of spatial and 
temporal scales and develop predictive techniques for use by beach managers. 
4. compare the response of a natural beach and one managed by control structures. 
The first year field programme (Autumn '96) involved measurements on a simple open 
beach at Shoreham, southern England. The main objectives were as follows: 
• To co-ordinate and optimise a variety of measurement techniques so as to obtain 
concurrent data relating to hydrodynamics, shingle transport and beach 
morphodynamics 
• To undertake electronic and aluminium tracing studies to obtain measurements of 
transport volumes. 
• To undertake 3D beach surveys of the whole of the open Shoreham West Beach, at a 
spatial resolution sufficient for production of digital ground models and computation of 
volumetric changes between surveys. 
• To imdertake measurements at a variety of temporal resolutions ranging from one or 
two semi-diurnal tidal cycles (tracers, morphological surveys) to semi-continuous 
samples of individual events (wave recording, scour monitors). 
• To undertake measurements during a variety of wave conditions, especially high energy 
conditions where there are few previous shingle beach measurements. 
Complex situations in the presence of control structures and beach replenishment wil l be 
studied in the second year field programme (Autumn '97). Methods which proved 
successful and knowledge acquired from study of the natural portion of Shoreham Beach in 
year one wi l l be applied to tackle research questions specific to a neighbouring rock groyne 
and shingle replenishment scheme. The objectives in this part of the study are: 
• To investigate the effects of rock groynes in controlling the behaviour of the recharged 
beach. 
• To study the effects of the scheme on the adjoining frontages. 
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To use results to develop predictive models of future evolution since typical schemes 
have lifetimes of 30, or more years, and far in excess of the time available to this 
project for measurements. 
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Figure 1 Diagram showing the location of the Shoreham field site. 
Complementary studies of the nature and historical behaviour of the field site are also in 
progress to ascertain the representativeness of both the conditions and responses sampled 
during the field work in terms of the overall spectrum of shingle beach types, and of the 
magnitudes and frequencies of the events that control their development. 
Field site 
The first year experiment was undertaken on the West Beach, at Shoreham. 
southern England (fig. 1). Part of a series of shingle beaches protecting the lowlands of the 
West Sussex coastal plain, the beach comprises the western portion of a barrier type 
shingle spit which has, in the past, deflected the River Adur eastwards. Much of the coast 
to the west is controlled by extensive arrays of timber groynes and wooden revetments, but 
for a distance of 1.5km the beach is open and natural, being confined to the east by a 
harbour breakwater. The beach comprises a massive medium shingle storm berm resting 
upon a gently sloping sandy lower foreshore. The beach is macro- tidal with a maximum 
spring range of 6.5m and the shingle toe is well exposed at low water spring tides. The site 
is exposed fully to storm waves generated within the English Channel and the predicted 
annual maximum significant wave height offshore is about 4.0m for waves approaching 
from the south and south west, (Hague, 1992). Prevailing wave direction is from the SW 
and SSW and net beach drift is from the west to the east so that shingle accumulates 
against the breakwater at a mean rate of 15,0O0-20,000mVyr (Chadwick, 1989). The site 
was selected due to the simple morphology and bathymetr>', unconfined transport and 
abundant shingle available for transport and natural profile adjustments. These qualities 
were considered essential for reliable measurements of hydrodynamic conditions and 
natural transport that would be used for model development and verification. 
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The second year experiment will be undertaken immediately to the west of the open 
beach at Lancing where a scheme involving the construction of four rock groynes with 
shingle replenishment was completed in April 1997. This experiment design permits 
comparisons and application of knowledge from the open beach as the two sites are subject 
to similar hydrodynamic conditions, but differ significantly in degree of structural control. 
Data collection and sample 
The field programme was scheduled between mid-September and mid-November 
1996 to permit sampling within known storm seasons, but at times when daylight hours 
were amenable to tracer and morphological measurements. Measurements were planned in 
terms of core activities vital to the success of the project and trial activities likely to yield 
valuable information, but in need of testing and evaluation before extensive adoption. 
Prioritisation was necessary due to the technical and practical difficulties of operating so 
many techniques simultaneously. Highest priority was to obtain a continuity of core 
measurements at high resolution, especially during high energy conditions. 
Core activities Trial activities 
• Offshore wave recording (WRS) • Current monitoring (EMCM) 
• Inshore wave recording (TWCM) • Mobile sediment trapping (NESSIE) 
• Sediment tracing • Wave monitoring (X-band radar) 
• Sediment sampling 
• Beach elevation monitoring (Tell-
Tails) 
• Beach morphology survey (GPS) 
Offshore wave recording was conducted using the Wave Recording System (WRS), 
which is a solid-state data acquisition system capable of long term autonomous operation 
under water. The system comprises six pressure transducers which report the fluctuations 
in pressure at the seabed to the central data storage system where the information is stored 
until it is downloaded for further processing. For this project the WRS was programmed to 
take five measurements per tide of 17 minutes each, spread evenly over the top half of the 
tide. This measurement arrangement allowed for the WRS to tie in with the measuring 
scheme of the Inshore Wave Climate Monitor (see below). This ensured that both the 
instruments were recording the same sea state. 
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Figure 2 Representative IWCM directional energy spectrum. 
The nearshore wave climate was recorded using the Inshore Wave Climate Monitor 
(IWCM). This device consists of a star array of four 6m resistive sensors mounted on a 6m 
sided triangular aluminium tubular frame. The IWCM performed well throughout the first 
6 weeks of field work. However, the lower 1 metre section of all sensors was rep>eatedly 
damaged by shingle impact during high energy conditions with subsequent loss of water 
level measurements less than a metre from the beach surface. Towards the end of this field 
exercise the IWCM was torn from the beach during a Storm Force 10, the peak of which 
co-incided with high water, on the night of 28th October 1996 when a steel cable became 
entangled with the rig. A representative directional plot as obtained from data recorded 
using the IWCM can be seen in f ig . 2 on which the southern direction is represented by -3 
degrees with the positive numbers lying toward the south west. 
Direct field measurements of sediment transport were obtained using tracers 
designed to mimic the indigenous pebbles. Tracers should not only behave exactly the 
same as indigenous pebbles, but also be recoverable in sufficient numbers to provide a 
representative sample of those injected. Unlike earlier methods of painting or marking 
indigenous materials, the aluminium and electronic tracer pebbles used in this project 
permit representative sub-surface recoveries. Artificial replica pebbles are cast in 
aluminium according to patterns produced from indigenous beach pebbles. The specific 
gravity of aluminium and flint are approximately the same (2.65 to 2.75). Pebbles are each 
stamped with an identification code. Recovery is undertaken by sweeping the beach with 
metal detectors. Tracers are dug to reveal their code and to measure burial depth. The depth 
detection range is 0.35 to 0.50m (Wright et a/., 1978 and Bray, 1990). Electronic pebbles 
comprise an electronic transmitter encapsulated within a loaded resin to mimic the density 
and shape of indigenous pebbles. The pebble circuit is powered by a watch-type battery 
with a life of over 2 years, and each emits low frequency magnetic pulses. Each pebble has 
an individual code, which is identified by an electronic detector within a depth range of up 
to 1.5 metres. Signals are picked up by a search coil and amplified and rectified to produce 
pulses audible within headphones. In a beach survey, the pebbles are first detected by a 
roving, wheeled multiple coil detector. The pebble is subsequently pin-pointed by a hand-
held detector. Although the system is designed to determine burial depth remotely, pebbles 
were dug up during these experiments as an additional check. Details of the electronic 
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pebble tracing system are provided in Workman et al. (1994). Throughout the Autumn '96 
field work a total of four aluminium tracer experiments and seven electronic tracer 
experiments were successfully conducted. Each tracer experiment followed a pre-set 
format and the longshore positions of the tracer centroid (centre of mass) and the depths of 
burial of the tracers (in addition to depth of disturbance data) obtained from these 
experiments were then used to calculate longshore drift rates following a method similar to 
that of Komar and Inman (1970). 
Concurrent with the tracer experiments, shovelled sediment samples of 
approximately 70kg each were collected at each low water which occurred during a tracer 
study. Samples were taken from each of three sites adjacent to the injection sites. The 
samples are presently undergoing sieve analysis at half <[) intervals. 
Changes in beach elevation were monitored continuously using 5 vertical arrays of 
Tell-Tail scour monitors (Coates, 1997). Each array comprised of eight monitors set at 
10cm intervals down a support pole connected to a self-contained data logger. The Tell-
Tails oscillated when exposed to moving water, sending signals to the logger; burial of a 
Tell-Tail results in no signal. A change in the logger record from a signal to no signal, or 
vice versa, indicates a 10cm change in beach elevation at a time resolution of 10 minutes. 
The system is thus able to monitor changes in beach elevation continuously whilst the tide 
is in. The monitors were deployed initially with 4 or 5 sensors buried and 4 or 3 exposed to 
wave action. The 5 arrays covered a cross-shore distance of 24m with the landward array 
set at the approximate mean high water contour and the seaward array set at the 
approximate mean sea level contour with the intention of providing good spatial coverage 
within the main active area of the beach. Preliminary analysis of the data shows a number 
of periods of very rapid change in beach elevation that would not be evident from standard 
survey techniques. The significance of these changes to beach transport processes and 
particularly the depth of the mobile layer wil l be established when more of the information 
on waves, depth of tracer core disturbance and tracer distribution becomes available. 
The method used for conducting 3D beach morphology surveys was GPS (Global 
Positioning System) surveying using a dual frequency GPS. From the GPS data digital terrain 
models and contour maps were produced for each survey. Using the SURFER software 
package, it was then possible to calculate volume levels for individual sections and to take 
horizontal slices through the beach surface. Calculations of the volume levels show that the 
early strong easterly winds in late September reduced the total sediment volume of the beach. 
This resulted in the adjustment of a typical summer profile, to a storm profile, where 
sediment was combed down onto the lower sections of the beach. As expected, the storm of 
the 28th October had the biggest impact upon the beach. Profile analysis suggests that large 
amounts of sediment were redistributed throughout the beach, being removed from the beach 
crest area and redeposited onto the lower parts of the beach.. The main crest, as defined by 
the five metre contour line, was cut back along the entire beach, especially in the central and 
easterly exposed section. The main area which was cut back by the storm receded between 2-
11 metres, with the sediment being combed down onto the lower parts o f the beach. Further 
volumetric analysis is required to demonstrate the extent to which different sections of the 
beach were affected by the storm. The height data contained in one Digital Elevation Model 
(DEM) can be subtracted from the DEM of a different survey. This wi l l reveal areas of 
accretion and erosion. The results of this show that as expected from the profile analysis, 
most of the sediment was removed from the beach crest area and redeposited lower down on 
the beach (See fig. 3). This diagram also suggests, that sediment was removed from the lower 
section of the beach, suggesting it was either pushed up the beach, or, removed offshore. 
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The co-ordinates on the diagrams are given in m and refer to Ordnance Survey grid co-ordinates. The dark 
patches on the diagram indicate areas of erosion whilst the hghter areas represent accretion. 
Figure 3 Beach survey results before and after a storm event. 
The volumetric analysis so far, suggests that the major storm resulted in a 
rearrangement of sediment within the beach system rather than significant quantities of 
shingle being removed from the beach. Further volimietric analysis is needed to confirm this 
observation. When the GPS equipment was not available, additional profile surveys were 
carried out using a Total Station. GPS surveys have been undertaken throughout the winter at 
the proposed site for the 1997-1998 field programme at Lancing to provide long-term 
development information and a baseline for establishing the other studies. During the 
Autumn '96 field work, a total of 22 full scale beach surveys were conducted from updrift of 
the eastern groynes to the Shoreham breakwater and therefore provide good volumetric data 
for establishing short and medium term drift volumes. 
Nearshore currents were measured using EMCM's. These have rarely been 
deployed on shingle beaches, due to their expense and comparative fragility. However, this 
makes any recorded data especially valuable, particularly when a vertical current profile 
can be obtained, which can be used to estimate shear stresses at the seabed. Up to 3 EM's 
were deployed at Shoreham as part of the TOSCA instrumentation suite (Voulgaris et al. 
1995), modified for installation in the inter-tidal zone. A l l sensors were burst-sampled 
simultaneously at 4 Hz for 17.07 minutes every 20 minutes, throughout the period when 
the lowest sensor was covered by the tide. The EM's were deployed only in reasonably mild 
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conditions during the 1996 fieldwork, but they yielded useful data and wi l l be included in 
the 1997 fieldwork as a core activity. 
The NEar Shore Sediment Investigation Equipment (NESSIE) consists of a small 
trap (mouth width 20cm) at the far end of a pole which is mounted on a carriage. Steel 
wires are used to stiffen the structure without adding significant weight. The trap can be 
orientated to face alongshore or across-shore. A pair of stop poles are driven into the beach 
to hold the carriage at a fixed position. For each measurement, the carriage is manoeuvred 
into position manually against the stop poles and the trap lowered and held securely onto 
the beach face to intercept the sediment. The trap is left in position for a short time (5-10 
wave periods for the longshore direction, or wave-by-wave for the cross-shore direction) 
and then lifted and withdrawn shorewards. The sediment is weighed and collected for sieve 
analysis. By repeating the measurements as the tide rises and/or falls, sediment transport 
rates at different positions across the swash zone are determined. So far only the feasibility 
of deploying this apparatus has been investigated. For example on the 18th October 1996, 
during a high energy shore normal event, uprush and backwash cross-shore transport rates 
of 7.3 and 2.3 tonnes/m/hr respectively were measured just above the wave breaking zone. 
A net longshore transport rate of only 0.6t/m/hr was measured. In comparison, on a day 
with similar wave energy and a significant wave angle from shore normal, a net longshore 
transport rate of 2.0t/m/hr was found. More quantitative results are planned for the next 
phase of field work. 
The X-band Wave Radar uses digitised radar backscatter from the sea surface to 
identify the position and orientation of wave crests for all wavelengths larger than 15m 
(Tenorio-Gonzalez, 1993). The system is capable of capturing a time series of images and 
hence can provide data on celerity, period and angle of approach of waves for individual 
wave frequencies. The system provides data over an area of 22km^ and can be used in 
severe weather conditions (wind speeds up to 20m/s). 
Discussion 
A large amount of high quality data has been collected and brought together. This is 
the first time that such an extensive database of concurrent field data has been collected on 
a shingle beach. Combined with earlier information gathered on this site (Chadwick, 1989) 
the research team can now also look at the evolution of the beach. 
Analysis of the provisional sediment transport data appear to show a significant 
sensitivity to the wave angle of approach similar to that which can often be found in field 
data obtained from sandy beaches. The depth of disturbance data collected during the 
experiment is useful for the insight it gives into surface events, and will be useful for 
calibrating future computational models. Tracer studies could not be taken down to sub-
tidal resolution and can only give an average bulk volume of sediment transport. In the next 
field work the NESSIE system is therefore intended to act as a check on the instantaneous 
rates and the distribution of the longshore transport. 
A ful l report on the 1996 and 1997 (still to be undertaken) field work wi l l be 
published by HR Wallingford and all data collected wi l l be archived and made available 
after project completion. 
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Evaluation of Longshore Sediment Transport Models on Coarse Grained Beaches 
Using Field Data: A Preliminary Investigation 
Erik Van Wellen', Andrew J. Chadwick', Mark Lee' 
Brian B a i l / and John Morfett'' 
Abstract 
This paper evaluates a number of widely used predictive transport equations and the 
use of tracers and GPS in the measurement of longshore transport for the validation of such 
equations. It also addresses the inconsistencies which can sometimes be introduced as a 
result of these techniques. The analysis shows that most of the equations examined tend to 
over-predict the expected transport by a factor of 1.5 to 4. The use of tracers on macro-tidal 
coarse grained beaches is found to be a viable method for obtaining reliable transport rate 
measurements of which the confidence levels are expected to increase as present day 
calculation techniques are adapted for use on macro-tidal shingle and mixed beaches. 
DGPS appears to be an economical way of data collection but needs to be used with the 
highest possible accuracy level settings i f it is to be used in quantifiable sediment transport 
calculations. 
Introduction 
The management of beaches has become an important and effective engineering 
tool for protecting coastal areas. Increasing research efforts in this field have been aimed 
mostly at trying to understand and quantify the elements which govern the 
morphodynamics of beaches over both long- and short-term time scales. One of the key 
elements in improving the engineer's understanding of beach morphodynamics and 
sediment budgeting along a coastline is the search for a better determination of the net 
longshore movement of the sediment. The formulation of a reliable estimate of the total 
longshore transport (TLT) rate is paramount in coastal engineering problems such as 
feasibility studies of port extensions, derivation of sediment budgets for coastal areas and 
the appraisal of long term beach stability. Such estimates should be based only on the use 
of reliable sediment transport models underpinned by accurate transport measurements. To 
date, sand beaches have received the bulk of the attention. The number of docimiented 
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studies and available data on sand beaches is, therefore, considerable and ranges from 
analytical/numerical models and laboratory tests to large scale field experiments. In strong 
contrast is the moderate attention which coarser grained (i.e. shingle) beaches have 
received. Studies of the processes governing shingle beaches have been limited mainly to 
empirical models based on laboratory studies, such as those by Pilarczyk and den Boer 
(1983) and Powell (1990). The prediction of longshore transport rates on shingle beaches 
has been mainly limited to the use of variations of the CERC formula from the US Army 
Corps of Engineers (1984), combined with laboratory studies. 
Approximately one third of the UK's coastline is protected by shingle and mixed beaches 
(Fuller and Randall, 1988). Some of the areas protected by these beaches have a 
considerable economic importance attached to them. Coarser grained (/>, shingle) beaches 
therefore warrant the attention of British researchers. The Shingle Beach Project (Van 
Wellen et al., 1997) funded by the UK Ministry of Agriculture, Fisheries and Food 
(MAFF) and the Environment Agency (EA) was designed to go some way towards this. To 
date, two large scale field deployments have been carried out by the authors and their 
institutions in partnership with HR Wallingford. The 1996 deployment concentrated upon 
shingle transport on an open section of beach at Shoreham-by-Sea whilst the 1997 work 
was carried out on an adjacent groyned beach at Lancing. These two major field 
deployments have produced an extensive database of high quality field data. The present 
paper concentrates on the longshore transport rates as measured during the 1996 Shoreham 
open beach experiments and the evaluation of existing TLT equations using this field data. 
Field Site 
The field site at Shoreham-by-Sea, West Sussex, is an open stretch of beach 
consisting predominately of shingle. The beach is open towards the West and is in a natural 
state over an alongshore distance of 1500m. To the East, the beach is confined by a long 
harbour breakwater which extends approximately 200m. The prevailing wave direction is 
from the SW and SSW and the site is exposed fially to storm waves generated within the 
English Channel. A more detailed description of the field site is given in Van Wellen et al. 
(1997). 
Historical Analysis of Net Longshore Transport and Annual Wave Climate 
The Southern Water Authority (SWA) has been carrying out amiual aerial surveys 
of the coastline in the area since 1973. The records also contain a statistical analysis of the 
trends of beach line movements and the changes in cross sectional area. In his analysis of 
this data, Chadwick (1989) assumed no longshore transport moving past the harbour 
breakwater. This assumption appears to be reasonable since the most seaward cross shore 
position of the toe of the shingle beach extends only half way along the breakwater. 
Chadwick estimated a mean sediment volume accretion of 14,539m^ per year. This figure 
is supported by the volumes obtained from sediment bypassing around the harbour 
breakwater which suggest that sediment accumulates against the breakwater at a mean rate 
of 15,000-20,000m^/a (Wilson, 1996). 
The mean annual hydrodynamic conditions i.e. wave height, period, direction and 
frequency of occurrence within a representative year were obtained using hindcast offshore 
wave data based on a wind data set covering a four year period between May 1980 and 
August 1984 (Chadwick, 1991). This period is also covered by the SWA beach surveys, 
which increases the level of confidence with regards to the comparison of the predicted and 
measured transport rates. 
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Data Collection and Methods 
One of the key objectives during the 1996 field work was to undertake a 
comprehensive series of field measurements of hydrodynamic conditions and concurrent 
sediment transport. This data has been used to evaluate the performance of existing 
analytical TLT equations and to make an intercomparison between independent techniques 
for measuring the longshore transport. 
The fu-st method of measuring the sediment transport at the field site was the use of 
tracers. Three types of shingle tracer were used within the project as a whole: painted 
indigenous pebbles (Caldwell, 1981); aluminium tracers (Wright et ai, 1978) and 
electronic tracers (Workman et at., 1994). The comparatively low cost of the painted and 
aluminium tracers made them ideal for use in pilot studies in the early stages of the two 
deployments, when the least was known about the behaviour of the indigenous material 
and tracer losses were likely to be at a maximum. The highest quality tracer data {i.e. those 
studies with the highest recovery rates, the most frequent searches and the most complete 
supporting wave, current and sedimentological data) were those using the electronic tracer 
system. The main advantage of the electronic system was the ability to detect buried tracers 
at depths of up to 100cm as compared to 35-40cm with the aluminium system and 0-lOcm 
with the painted tracers. 
A wide range of tracer sizes and shapes were used within the study; the sieve 
diameters of the electronic tracers ranged fi-om 23.9mm to 66.8mm and the shapes from 
0.93 Maximum Projection Sphericity (MPS) to 0.621 MPS. These elecU-onic tracers 
represent between 9.5 and 44.5% of the size range of the indigenous material. This is an 
advantage over the standard aluminium tracers which represented a smaller size and shape 
range throughout the majority of the study. The nimiber of tracers deployed was relatively 
small (60-147) due to the labour intensive nature of tracer recovery and the logistical 
limitations of the study. 
Tracer injection was at three cross-shore sites, chosen according to the expected 
active beach width at the time of deployment. Between 1 and 3 layers of tracers were 
placed at each cross-shore site to ensure that possible variations in tracer movement with 
depth were represented. The depths chosen were govemed by the expected hydrodynamic 
conditions. The individually identifiable tracers were located by means of specially 
designed detectors and their depth and position surveyed in. Each of the electronic tracer 
studies lasted for four low waters in total. Tracer injection was carried out on the first low 
water, tracers were located but left in position during the two following low waters and 
were recovered on the fourth low water. Recovery rates of the electronic tracers lay usually 
around 90%. 
From the tracer experiments, drift rales {Qts) were calculated using the method of 
Nicholls and Wright (1991) which has its basis in the work of Komar and Inman (1970). 
Three parameters are needed for this calculation: the velocity of movement of the tracer 
centroid (centre of mass) {Us), the width of the active beach {m) and the thickness of the 
moving sediment layer (depth of disturbance) (w). 
Q,,=U^mn (1) 
The recorded co-ordinates of the pebbles in the horizontal plane were used to calculate the 
tracer centroid (centre of mass) position on the beach. The velocity of the tracer centroid 
was given by the average longshore distance travelled by the moving tracers and the 
average duration of coverage. The average duration of tidal inimdation of each tracer was 
determined by means of the height at which it was found on the beach and by using the 
-B-3 
Appendices Van Wellen e/a/., 1998 
Seciion 
I 
Sectioa 
2 
Section 
3 
Section 
4 
Section 
5 
Ql Q2 Q3 Q4 Q5 
VI V2 j V3 i V4 i V5 
: ' ; i — 
for any section: 
Q6 = 0 
Figure 1 Schematic of 
volumetric survey data. 
finite difference scheme for the 
SHOREIIAM BlilACH 1 j u u r - i 
' measured beach profile 
data and Admiralty tidal 
predictions for the site. The 
thickness of the moving 
sediment layer was taken as 
the depth of the boundary 
between moving and non-
moving tracers (Voulgaris 
ei al., 1998). If an event 
occurred in which more 
than 90% of the tracers 
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present. Active beach width was taken from the measured topographic profile at the site i.e. 
the distance between the high water mark and the sand/shingle border. 
The second method of obtaining measurements of the transport rate is by means of 
calculating the volume changes of the beach based on topographic surveys in the vicinity of 
a structure (for example the harbour breakwater) which is assumed to stop all longshore 
transport. Traditional surveying allows constant high accuracy surveys to be carried out. 
However, using traditional surveying techniques, relatively few points can be captured over 
large areas within a short time period. Whilst the collection of a large number of points 
may not be relevant on simple topographic features, on more complex morphological 
surfaces there is a need for a system that can capture large amounts of data in relatively 
short time intervals. One answer to this problem is the use of DGPS (Differential Global 
Positioning Systems) to monitor beach morphological changes and the use of GPS 
technology is becoming more widespread by those concerned with obtaining and recording 
geographic information (Cornelius et al., 1994). The most important features of GPS are its 
high positional accuracy and velocity determination in three dimensions, all weather 
capability, accurate timing capacity and global coverage (Leick, 1995). Importantly, from 
the point of view of the coastal geomorphologist, the ability of GPS kinematic surveying to 
record measurements rapidly and accurately over relatively large areas can be seen to be 
potentially invaluable in such a dynamic environment. Morton et al. (1993), discuss the use 
of GPS surveying techniques to monitor beach changes and state that GPS beach 
monitoring provides a way of understanding beach dynamics and the factors that influence 
volumetric gains and losses. 
Typical surveys recorded between 3,500 and 5,000 points in a four hour time interval. 
These data points are then used as the input for a topographic modelling system to create a 
DEM (Digital Elevation Model) from the irregularly spaced data. This in turn allows 
subsequent volumetric analysis of the GPS data. For this purpose, individual blanking files 
for five different areas were set up (blanking files allow a particular section of the beach to 
be separated from a larger grid file). The volumetric differences were then fed into a finite 
difference scheme which allows calculation of the TLT rate tracer at the location where the 
tracer experiments took place (x on Figure 1). 
The nearshore waves were recorded using the Inshore Wave Climate Monitor 
(IWCM; Chadwick et al., 1995). This device consists of a star array of four 6m resistive 
sensors mounted on a 6m sided triangular aluminium tubular frame. This device measures 
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the waves acting on the beach directly rather than measuring them offshore and having to 
refi'act them in by computational means at a later stage. 
Sediment size distribution data were obtained firom extensive sampling during the 
tracer experiments. Concurrently with each tracer experiment, sediment samples of 
approximately 70kg each were collected at each low water during a tracer study. Samples 
were taken at three cross shore positions close to the original injection sites for the tracers. 
The samples were then subjected to sieve analysis at half ^ intervals. 
Analytical Models Used 
Numerous analytical expressions have been developed for the prediction of the TLT rate. 
A selection of seven equations representing the current approaches to longshore transport 
calculation is used here. They have been selected based on either their long standing use, 
their new approach to the analytical prediction of the TLT or the fact that they have been 
developed specifically for the transport of coarse grain material. The selected equations are: 
• The energetics based CERC formula (CERC, 1984) calibrated for shingle size sediment 
comparable to that found during the field experiments (Chadwick, 1989) 
CERCF Q, = K \ ^ ^ ] { ^ p g Hi C„, sin 2^,1 (2) 
where is a proportionality coefficient equal to 0.0527, e is the void ratio, p is the fluid 
density, ps is the sediment density, g is the gravitational acceleration, Hsb is the significant 
wave height at breaking, Cnb is the wave group velocity at breaking and 9h is the angle of 
the breaker line relative to the shoreline. 
• A physics based analytical equation for the longshore bedload transport (QA./J) of shingle 
(Damgaard and Soulsby, 1996) 
DS96 eM.=^'g«{^.}niax{|a,Ma2l} (3) 
where Qxi is the longshore transport under current dominated conditions and Qxi is the 
sediment transport under wave dominated conditions. Expressions for both of these can be 
found in Damgaard and Soulsby (1996). This equation explores a new path in analytical 
TLT prediction by means of using a force-balance approach to quantify the TLT rate. 
• Two empirical formulae developed by Kamphuis (Kamphuis et aL, 1986 and Kamphuis 
1991) 
FCAM86 a. =7r-!r—-.'^ ^^^^ (4) 
where tan a is the representative bed slope, D is the representative grain diameter and n is 
the porosity. With additional laboratory study and further data analysis Kamphuis (1991) 
modified Equation (4) and included the influence of the peak wave period, Tp: 
2-27 , , 2 ^1.5 . 0.75 r^-0.25 „:„0.6 
This equation has been found to be the most accurate transport equation (Schoonees and 
Theron, 1996). 
• Two improved versions of the Kamphuis 1991 equation as suggested by Schoonees and 
Theron (1996) 
recommended for use on exposed sites where the sediment is of a finer nature; and 
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SCHB 
50000 
365-24-60-60 Kamphuis 
(7) 
recommended for use at sites where calm conditions prevail and/or where the sediment is 
coarser. 
1 P H.25 rj2 / . ^0.75| 4"//i(tana)' ( s i n 2 ^ , r (8) 
where Lq is the deep water wave length. 
• An empirical formula developed specifically for the transport o f coarse grain material by 
van der Meer(1990) 
VDM90 a, =0.00\2gD,JM,JcosO, 
D 
-11 
50 
sin^. (9) 
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Figure 2 Expected (grey band) and predicted TLT at Shoreham. 
Evaluation and Findings 
Using the long term average wave climate as input, the predicted TLT was 
calculated using the seven analytical models and compared to the expected net annual 
longshore transport. From Figure 2 it can be seen that CERCF and DS96 give the most 
accurate prediction for the sediment transport in the study area. This was not altogether 
unexpected since both of these equations have been calibrated against transport 
measurements for sediment of similar size to that at Shoreham beach. VDM90 scores 
rather poorly by giving the highest estimate of all despite being derived specifically for 
coarse gained sediment. KAM86 scores reasonably well and even out-performs the 
K A M 9 I , which gives an estimate that is nearly three times as high as the one from 
KAM86. The improved versions of KAM91 (SCHA and SCHB) give estimates which are 
closer to the one initially put forward by the KAM86 equation. Most equations appear to 
have a tendency to over-predict the TLT. 
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As part of the analysis, an extensive sensitivity analysis of the equations to the 
different parameters was undertaken. From this analysis two interesting plots are shown in 
Figure 3 and Figure 4. The TLT rates ( 0 predicted by each equation have been divided by 
a reference TLT rate {Qre/) obtained using that same equation with a fixed set of input 
parameters. 
Figure 3 illustrates the power-law-like growth in predicted transport rate with an 
increase in wave height for each of the transport equations. The main difference is the 
magnitude with which the transport rate is increased. This is to be expected since all 
formulae incorporate the influence of the wave height on the transport by raising the wave 
height to a certain power larger than unity e.g. CERC-like equations have H'. Apart from 
K A M 86 which does not take wave period into account, different transport rates are 
predicted for different wave periods. In general, all equations predict a larger TLT rate for 
larger wave periods. This appears to be a logical trend in transitional water depths were 
larger periods mean larger orbital velocities. Conversely, DS 96 shows an opposite trend, 
predicting larger transport rales for smaller wave periods. Since this equation assumes 
shallow water conditions the TLT becomes independent of the wave period but increases 
with wave steepness. 
When looking at the influence of the D50 on the predicted transport rate (Figure 4) a 
similar anomaly is shovm. Apart from the CERC equation (which does not take grain size 
into account) all equations predict lower transport rates for larger grain sizes. Again the 
exception is DS 96 which, under wave dominating conditions, predicts larger TLT rates for 
coarser sediment. This property of the DS 96 equation can be explained by the underlying 
assumptions o f the model where an increase in D50 means an increase in the roughness 
influencing the wave boundary-layer and an increase in the wave related bottom shear 
stress resulting, in turn, in an increase in TLT (Damgaard and Soulsby, 1996). 
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With regard to sensitivity to Ob, all the equations included in this paper showed a 
similar U*end differing only in magnitude. Shoreham is characterised by a fairiy stable wave 
climate with waves breaking at about 2 to 3° relative to the beach orthogonal and hence any 
variation in Oi, is unlikely to be an important factor in the compeirison of measured and 
predicted TLT. Nevertheless, the sensitivity analysis showed the importance of an accurate 
determination of Ob when predicting TLT. 
Using the wave data as recorded at the field site, Figure 5 shows a temporal plot of 
both the measured and the modelled TLT rates. It can be seen that there is a significant 
difference between the measured and the modelled rates. 
To quantify the discrepancy between the measured and the predicted transport rates, 
a discrepancy ratio equal to Qpredicicd/Qmeasured was introduced. Figure 6 and Figure 7 are 
histograms giving the percentage of occurrence that the discrepancy ratio from a certain 
formula can be placed in a preset interval. Combining these two figures with Figure 5, 
shows that for the tracer data most transport predictions made by the equations are 
characterised by a discrepancy ratio lower than 4 whilst for the GPS measurements nearly 
all fall in the bin for discrepancy ratios larger than 10. Since Figure 2 suggested that most 
models were likely to over-predict the transport measurements made during the experiment 
these discrepancy ratio's are likely to be underestimates. Calculation of the Relative 
Standard Error of Estimate (RSEE) for the GPS data suggests an average RSEE of about 
1.4. This is a very high value and can be only partially explained by the relatively small 
sample size. Kamphuis (1986) and Schoonees and Theron (1996) using large samples, 
found RSEE values of below 0.4. 
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alongshore energy flux (P). 
One of the most widely accepted assumptions is that the TLT rate is proportional to the 
alongshore energy flux, P. The validity of this assumption has been underpinned by several 
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studies and data sets (Kamphuis et ai. 1986, Kamphuis 1991 and Wang el a/., 1998). It is 
fair to say that this assumption holds true for shingle transport, although the importance of 
a threshold of motion criteria for sediment transport to occur is far greater than for sand. 
However, there is no consistent proportionality between the alongshore energy flux and the 
TLT rates measured by the tracers and GPS (Figure 8). The graph shows a significant 
amount of scatter and a particularly low correlation coefficient (r^ = 52%) for the GPS 
measurements. 
The significant difference in measured transport rates between the two systems was 
not expected, neither was the low correlation between the predicted transport rates and 
those obtained from the GPS measurements. The latter discrepancy is potentially more 
significant since GPS technology is starting to lake over from the more classical surveying 
techniques in coastal management applications. Bodge and Kraus (1991) found their TLT 
estimates obtained from sediment impoundment combined with classic survey techniques 
to be more accurate than those obtained from tracer experiments. They stated that spurious 
trapping unrelated to the T L T and survey inaccuracies could each account for up to 100% 
of the T L T . Most of the erratic T L T measurements obtained from the GPS measurements 
are probably a result of the poor vertical accuracy accepted on the measurements made 
using the GPS when operating in kinematic mode in this study. 
Some of the scatter in the data obtained from the tracers can be explained by the 
limitations of present day tracer theory. Often the main uncertainty lies in how 
representative the tracer is of the resident sediment, both in size distribution and quantity of 
ihc tracers. Bodge and Kraus (1991) stated that T L T estimates derived from tracers can be 
in error by a factor of 4 due purely to limitations in sampling methodology (or recovery 
rate, when dealing with individually identifiable tracers). However, problems such as 
recovery rates needed for reliable T L T measurements and differences in cross-shore 
distribution of the T L T have been minimised in this study by means of high recovery rates 
and by simultaneous injection of the tracer at different cross-shore locations. It is believed 
that the main uncertainty in the measured transix)rt rate using the tracers is introduced 
through the calculation technique, which was originally developed for fine grain sediment 
on beaches characterised by a small tidal range. 
Conclusions and Recommendations 
This paper has examined a selection of today's most widely used predictive total 
longshore transport equations and two commonly used methods of obtaining estimates of 
the longshore transport under field conditions. 
The C E R C equation and Damgaard and Soulsby (1996) equation, calibrated for 
shingle of similar size to those found on Shoreham beach, appear to produce good 
estimates of the average annual T L T rate in the study area. The other equations tend to 
over-predict the expected annual T L T by a factor ranging from 1.5 to 4. This is perhaps not 
surprising since the Kamphuis equations and the Schoonees and Theron equations have 
been developed as general purpose transport equations rather than being specifically aimed 
at shingle and mixed sediment transport. The fact that they give predictions which are of 
the right order of magnitude gives a very encouraging signal for their future development to 
incorporate the coarser spectrum of the grain size scale, whilst maintaining their robustness 
by means of using only a limited number of environmental input parameters. The 
Damgaard and Soulsby equation shows promise in that it is based on the physically 
meaningful principle of force-balance. Unfortunately the resultant expression is 
significantly more complex. However, the sensitivity analysis has shown that it predicts 
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opposite trends to all the other equations suggesting that further rese£irch is required. The 
van der Meer (1990) equation which was specifically developed for the prediction of TLX 
on gravel beaches did not perform well against the Shoreham long term transport data. 
The use of tracers on macro-tidal shingle and mixed beaches shows promise in 
producing reliable transport rates. Care needs to be taken, however, since it appears that the 
present calculation techniques for obtaining sediment transport rates from the raw tracer 
data (i.e. the methods traditionally used for sand beaches and beaches with a small tidal 
range) may not be valid for the field conditions as described here. In general, the tracers 
appear to give higher transport rates than would be expected over the duration of a tracer 
experiment. This needs to be taken into account when extrapolating the results from tracer 
experiments to annual T L T values. Work is presently being undertaken within the MAFF 
Shingle Beach Project to improve the techniques for extracting transport rates from tracer 
data. It is expected that this will lead to an increase in confidence level on the measured 
values. 
The method of obtaining estimates of the T L T rate from the volumetric change 
between topographic surveys using GPS was proven to be a fast and relatively inexpensive 
way of data collection. However, the potential error introduced by a low preset level in 
acceptable accuracy means that although more data points are collected, these do not 
necessarily give an accurate representation of the true beach volume. Ideally, real-time 
DGPS with a preset accuracy of 1cm in the vertical should be used if the data are to be 
used for construction of accurate morphological DEMs. This, in turn, will lead to a higher 
degree of confidence in the transport rates inferred from the changes in volume. This is 
especially important if the resultant trtmsport rates are used by shoreline managers as part 
of a predictive tool over a wider range of time scales. Volumetric surveys, either from 
DGPS or more traditional methods using a Total Station or Level form a proven technique 
which should work irrespective of the type of beach or sediment. The fact that both short 
and long times between surveys can potentially smooth out the individual link between 
specific hydrodynamic conditions and the corresponding T L T but may lead to more stable 
predictions for the TLT. 
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LONGSHORE DRIFT EVALUATION ON A GROYNED SHINGLE 
BEACH USING FIELD DATA 
Erik Van Wellen', Mark Lee^ Brian Baily^ 
Abstract : This paper evaluates the longshore transport efficiency parameter (/Q, 
based on measurements of the nearshore wave climate and the alongshore 
transport rate on an open shingle beach. Subsequently this transport efficiency is 
used to predict the expected longshore drift rate on an adjacent groyned shingle 
beach. Tracer measurements and volumetric survey data are then used to assess 
groyne efficiency in terms of sediment retention and drift prevention. 
INTRODUCTION 
Coarse grained beaches {i.e. shingle beaches) have traditionally received less research 
attention than sand beaches, it is however questionable whether this situation is any longer 
justifiable. Though not as abundant as sand beaches, shingle beaches have a relatively 
widespread occurrence, with examples to be found in such widespread places as Canada, 
Argentina, Japan, New Zealand, Ireland, the UK and along some stretches of the Pacific 
coast of the USA. hi the UK alone, shingle beaches protect nearly a third of the coastline. 
In the UK, shingle is also increasingly being used within the framework of beach 
replenishment schemes due to its availability and its capability of acting as an efficient 
form of natural sea defence (Powell, 1990; Diserens and Coates, 1993). Such coastal 
protection works are of^ en undertaken in conjunction with the erection of structures such as 
wooden or rock groynes or offshore breakwaters. However, little is known about how 
existing shingle beaches react to such schemes. Laboratory studies using crushed anthracite 
have been conducted in the past (Coates, 1994) but are still in need of field validation. The 
Shingle Beach Project (Van Wellen ei ai, 1997) funded by the UK Ministry of Agriculture, 
Fisheries and Food (N4AFF) and the Environment Agency (EA) provided the framework 
for the implementation of two shingle beach field work campaigns. The first field work 
took place on an open beach and the second stage on an adjacent groyned shingle beach 
and together have produced an extensive database of high quality field data. The present 
paper concentrates on longshore transport rates measured during the 1996 Shoreham open 
beach experiments and the 1997 Lancing structurally-controlled beach experiments in order 
to examine the efficiency of the groynes. 
' School of Civil & Structural Engineering, University of Plymouth, Palace Court, Palace Street, Plymouth, 
PLl 2DE, Devon, United Kingdom, EVANWELLEN@plymouth.ac.uk 
^ Department of Oceanography, University of Southampton 
^ Department of Geography, University of Portsmouth 
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FIELD SITES 
The field experiments were split up in two distinct campaigns. The first field campaign 
was undertaken on the open beach in the autumn of 1996. This field site at Shoreham-by-
Sea, consists of an open stretch of beach which is made up predominately of shingle. The 
beach is confined in the east by a long harbour breakwater and has retained its natural state 
over an alongshore distance of approximately 1,500m. fhe measurements taken during the 
first field work took place half way along this 1,500m stretch. The site is characterised by 
an eastward annual net longshore transport rate of 15,000m^/a. A more detailed description 
of the field site is given in Van Wellen et al. (1997). 
The second phase of the field work took place in the autumn of the following year at 
Lancing beach. This experimental site is approximately 800m to the west of the field site 
used for the 1996 field work. Both beaches are macro-tidal and are subjected to the same 
hydrodynamic conditions, with the prevailing wave direction being from the SW and SSW. 
However, they differ significantly in terms of structural control. In the spring of 1997, 
Lancing beach saw the implementation of four rock groynes, combined with shingle 
replenishment. These works complemented the existing wooden groynes which extended 
far beyond the toe of the shingle beach onto the underlying sandflat but which were 
nevertheless deemed to give insufficient protection to the hinteriand. The rock groynes do 
not extend as far seaward as their wooden counterparts but terminate near the toe of the 
shingle beach. The groynes were designed to allow an annual bypass of 15,000m^ so as not 
to interfere with the transport budget on Shoreham beach (Environment Agency, 1996). 
Figure 1 shows the Lancing field site during the field work. 
Figure 1 Lancing field site during the field work (October 1997), picture courtesy of 
the MAFF Shingle Beach Transport Project. 
DATA COLLECTION AND METHODS 
During both field work campaigns the same core data collection techniques were used 
to facilitate an intercomparison of the data. Generally, hydrodynamic conditions were 
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monitored on a continuous basis so as to guarantee concurrency of sediment transport 
measurements and statistical wave parameters obtained from the hydrodynamic data. 
Both qualitative and quantitative transport measurements were taken during the project 
with the use of tracers. Painted indigenous pebbles (Caldwell, 1981) and aluminium tracers 
(Wright et al., 1978) were use to get a qualitative representation of transport. These were 
deployed initially on the open beach to assess the rate of transport which could be 
expected, before using the more expensive electronic tracers (Workman et a/., 1994) to get 
a quantitative transport rate. A brief discussion on the merits of these systems can be found 
in Van Wellen et al. (1997) and Van Wellen et al. (1998). On the groyned beach, painted 
indigenous pebbles and aluminium pebbles were used to assess sediment pathways (HR 
Wallingford, 1998). 
Tracers were injected in layers (usually between one and three) at different depths 
depending on the expected hydrodynamic conditions. The spatial spread of injection sites 
also depended on the expected hydrodynamic conditions. In general, on the open beach, 
three cross-shore injection sites were used. In the groyne embayment between three and 
nine separate injection sites were used. This higher number of injection sites was deemed 
necessary in view of the more complex current patterns around the groynes, which could 
potentially bias a spatially-limited injection. Electronic tracer studies lasted for four 
consecutive low waters with injection taking place on the first low water, tracer location on 
the following two tides and recovery on the fourth low water. During each of the low 
waters during an experiment, the individually identifiable electronic tracers were located 
using a specially designed detector and their position and depth were subsequently 
recorded using a total station. Longshore transport rates were extracted from the electronic 
tracer data using the method of Nicholls and Wright (1991) complemented with the method 
given by Voulgaris et al, (1999) for establishing the depth of disturbance. 
The Shoreham and Lancing beaches were monitored using a DGPS (Differential Global 
Positioning System) survey system. Kinematic surveying techniques were used, which 
involved one moving receiver and one static receiver. Surveys were carried out as near as 
possible to the low water periods and took an average of four hours to complete, resulting 
in between 3,500 and 5,000 data points. Two main types of accuracy tests were performed 
to confirm the validity of the survey measurements. The first type involves the accuracy of 
the GPS system itself Secondly, there is the question of operator variance relating to the 
position of the moving receiver with respect to the beach surface. The results of the error 
analyses and data filtering were that the GPS data collected for this study has an estimated 
error ellipse of 3 cm in heighting and 3 cm in plan position (+/- 1.5 cm). The collected data 
points were used to create Digital Elevation Models (DEM), From the DEM it is possible 
to calculate volumetric changes of the beach and extract specifically that section in which 
the actual experiments took place. These values were used to look at the variability of 
different cross-shore beach sections at both experimental sites rather than to infer a 
quantitative transport rale. 
The nearshore wave climate during both field work campaigns was recorded using the 
Inshore Wave Climate Monitor (IWCM, Chadwick et al., 1995). The device consists out of 
four resistance poles which together make up a triangular star array. On both occasions the 
array was erected at the seaward edge of the test site. 
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DATA ANALYSIS 
The wave parameters used for subsequent analysis (the significant wave height at 
breaking Hsb, the wave angle at breaking 9b and the peak wave period Tp) were obtained 
from the IWCM. The frequency of occurrence of these parameters from both deployments 
is given in Figure 2, Figure 3 and Figure 4 respectively. On the same figures, a frequency 
distribution is shov^ of these values based on the mean annual wave climate. The mean 
annual hydrodynamic conditions i.e. wave height, direction, period and frequency of 
occurrence within a representative year, were obtained using hindcast offshore wave data 
based on a wind data set covering a four year period between May 1980 and August 1984 
(Chadwick, 1991). 
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Figure 3 Comparison of wave angle at breaking distribution. 
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Figure 4 Comparison of wave peak period distribution. 
In view of the emphasis placed on alongshore transport in this paper, it is of more use 
to look at the alongshore wave energy flux. Pis and its distribution. This parameter 
combines all of the above parameters and allows for an all inclusive summary of the 
hydrodynamic driving force behind the alongshore sediment transport. The distributions 
shown in Figure 5 show a narrow spectrum for all three cases, which have their peak inside 
the first positive bin, consistent with a net transport rate towards the east in all cases. 
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Figure 5 Comparison of alongshore wave power distribution. 
The longshore transport calculations in this paper will be restricted to the energetics 
based C E R C formula (CERC, 1984), which in its general form is given by: 
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= K\ 
g{Ps -P)J 
1 + e 
giPs -P). 
(1) 
where e is the void ratio, p is the fluid density, ps is the solids density, g is the gravitational 
acceleration, Hsb is the significant wave height at breaking, Cnb is the wave group velocity 
at breaking, Ob is the wave angle at the breaker line, Pis is the alongshore wave energy flux, 
F'ls the conversion coefficient between the immersed weight and the volumetric transport 
rate and K 'lsa proportionality coefficient. 
From the Shoreham experiment, fifteen aluminium and electronic tracer surveys were 
retained as being of high quality and these data were converted into fifteen alongshore 
tidally-averaged volumetric transport rates. The hydrodynamic parameters given by the 
IWCM from the corresponding tides were used to calculate the alongshore wave energy for 
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Figure 6 Comparison of alongshore wave power distribution. 
the individual tracer experiments. These values were then integrated over the tide to give a 
tidally-average alongshore energy flux. Combining this data with Equation (1) makes it 
possible to find a value for the proportionality coefficient K (see Figure 6). The K value 
derived in this way is equal to 0.35. 
In view of the fact that the Lancing and Shoreham site are in relatively close proximity 
and differ solely in degree of structural control exerted on them, it can be assumed that the 
K value derived from the Shoreham data will apply for the Lancing site also, although the 
transport rates predicted in this way assume open beach conditions and neglect the 
presence of groynes. 
Eight electronic tracer experiments conduced at Lancing produced twenty-four tidally-
averaged alongshore transport rates. The alongshore wave energy flux was multiplied by 
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the A'-coefficient obtained fi-om Shoreham to give predicted longshore transport rates. The 
measured versus the predicted transport rates are given on Figure 7. 
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Figure 7 Measured versus predicted transport rate. 
Figure 7 shows that the predicted and the measured transport are very similar, 
suggesting that the groyne field does not significantly interfere with the alongshore 
transport rate. Coates (1994) put forward an equation to estimate the efficiency (7) of a 
breakwater structure in retaining sediment: 
100 (2) 
where Qp is the potential drift for the fi-ontage, based on wave climate and assuming open 
beach conditions with an unlimited supply of sediment and Qo is the required or existing 
measured alongshore transport. Though originally developed to assess the efficiency of 
offshore breakwater schemes, it should also be applicable to groyne fields. In the present 
study, this results in a groyne efficiency of 7.6% suggesting that only a minor amount of 
the drift is retained by die groyne system. 
Approximately 6,000 coloured tracer pebbles in six distinct colours were injected 
simultaneously at three cross-shore locations on the westward side of an adjacent rock and 
timber groyne. Their movements were charted over 5 successive tidal inundations. The 
results showed that both the timber and the rock groyne allow the same percentage of 
sediment to pass through. The experiment also suggested that the fi-eeboard of the groynes 
is the limiting factor in halting the drift rather than the groyne length. 
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The fact that a low efficiency is found for stopping the drift through the groyne system 
does not necessarily mean that the groyne field is incapable of maintaining the volume of 
sediment that was placed in the embayments during the recharge. The groyne bay in which 
the main experiments took place was surveyed regularly using DGPS, to evaluate whether 
the sediment volume in the groyne bay remained relatively constant. The resulting OEM's 
were then used to calculate the volumetric changes within the embayment. The OEM's 
were split in four horizontal slices of equal height to determine where and when most of 
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Figure 8 Variability of the sediment volume in the experimental groyne 
bay. 
the volumetric change takes place (see Figure 8). The graph shows that the total volume of 
sediment within the embayment stays almost constant, within plus or minus 2.5%. The 
graph also shows that the largest changes occur during spring tides. 
The mean percentage of change and the standard deviation are given in Figure 9. The 
embayment as a whole experiences only a limited change in its volume of sediment. The 
largest variability can be found in the higher regions of the beach. This is to be expected 
since these areas of the beach are affected during spring tides but remain mostly exposed 
on the lower tidal ranges. The lower sections of the beach are volumetrically less variable. 
Comparisons with similar data fi*om the open beach at Shoreham show a similar trend to 
that shown in Figure 8 and Figure 9. 
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Figure 9 The mean percentage of volumetric change of the 
sediment in the groyne bay and their standard deviation. 
DISCUSSION 
The wave climates experienced at Shoreham and Lancing were not significantly 
different and, in addition, the wave parameters followed a distribution similar to that of the 
annual average wave climate. Shoreham had a slightly stormier climate but once the 
parameters were combined into the alongshore wave energy, these discrepancies appear to 
even out. 
The basic C E R C equation as used in this paper does not include grain dependency. This 
may potentially result in misleading results when calculating the longshore transport rate 
on coarse-grained beaches since a threshold of motion term is considered to be extremely 
important (Van Wellen et al., 1999). However, a comparison of the representative grain 
sizes determined from surface samples from the natural Shoreham beach site and the 
recharged Lancing field site does not show conclusive evidence to regard either site as 
being significantly coarser than the other. On average the D50 fluctuates between 13 and 
17mm. As such, using the same non-grain-size dependent equation for both sites can be 
deemed to produce an unbiased calculation procedure which can form the basis for the 
comparison of the transport rates at both sites. 
Contrary to findings from previous studies (Coates, 1994) no evidence was found to 
suggest that shingle travels around the toe of groynes in significant quantities. Pebbles 
placed seaward of the sand/shingle border near the toe of the groynes did not show any 
significant movement but instead appeared to sink into the underlying sand bed. This is 
probably due to the fact that, under moderate conditions, currents, either wave-induced or 
tidally-induced, are too low to move the pebbles significantly at these locations; sand was 
scoured away around the pebbles leading to them sinking into the seabed. On this sandflat, 
waves tended to break by spilling rather than by plunging or collapsing as occurs on the 
shingle beach. 
CONCLUSIONS AND RECOMMENDATIONS 
The results in this paper show that groyne bypassing on shingle beaches takes place 
predominantly by means of shingle overtopping the groyne crest, rather than bypassing 
around the seaward tip of the groyne. As a result it seems prudent that when designing 
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groynes for shingle beach applications preference should be given to a higher freeboard 
rather than a longer cross-shore extent of the groyne. 
No evidence was found to conclude that the groynes significantly affect the relative 
cross-shore distribution of the alongshore sediment transport processes taking place. The 
highest beach volume changes and variability thereof occur at the same elevation on both 
the groyned and the open beach. Since these zones in both cases tend to be toward the top 
of the beach it would seem that a significant part of the transport is likely to take place in 
the swash zone. 
Survey measurements in this project suggest that the groyne field is maintaining its 
sediment content. This is especially beneficial in view of the fact that beach nourishment is 
generally considered an expensive option with, at times, unpredictable results. Beach 
nourishment combined with the beach stabilising characteristics of groynes seem to offer a 
reasonable compromise. 
It is recommended that present day monitoring at the sites is continued over a longer 
period to monitor the influence of the new groynes on the longshore transport budget. 
Although present calculations suggest that the throughput target for the groyne field of 
15,000m"*/a is indeed maintained, these calculations all rely on short-term measurements 
which did not include the stormiest period of the year. 
The strong correlation between volumetric change and the tidal envelope suggests that 
on macro-tidal shingle beaches, the influence of the tidal range on the active beach width 
should be included, in order to improve the reliability of both short and long term drift 
predictions. Inaccuracies will however be introduced due to set-up and surging which can 
not be accounted for in long term tidal predictions. 
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D. Permeability 
The STRAND model allows for the incorporation of the influence of permeability on 
sediment transport by means of calculating the seepage velocity at the beach face, using 
Darcy's Law. This is a reasonable approximation for sand beaches where the assumption of 
laminar flow between the individual sediment grains is likely to hold true. However, as 
mentioned in Section 4.3.5, the flow between the grains on coarse grained sand (coarser 
than 1mm) and gravel beaches is likely to be of a turbulent nature, implying that 
Forchheimer's non-linear equation may give a more realistic result. Forchheimer's non-
linear equation can be expressed as: 
I = a^V,-i-b,V^ (E . l ) 
where / is the hydraulic gradient and VB is the bulk seepage velocity. The first term 
accounts for the viscous forces (laminar flow) whilst the second term accounts for the 
turbulent forces. There appear to be no published values for a/ and b/ for gravel size 
material. However, Soulsby (1997) gives the following two expressions for use on coarse 
sand beds: 
and 
in which vis the dynamic viscosity, n is the porosity,g is the gravitational acceleration and 
D is the representative grain diameter. 
If a D of 0.02m, a porosity of 32% eind a dyneunic viscosity of 1.36 IO"^ m /^s are used, then 
ai and bi become 0.988s/m and 701.557sVm^ respectively. In combination with an assumed 
bulk seepage velocity of 0.004m/s this results in a total value of 0.004 for the laminar term 
and 0.011 for the turbulent term of the Forchheimer's equation. From this it can be clearly 
seen that the turbulent term (74% of the total value) is considerably more important than 
the laminar term (26% of the total value) for coarse grained material. If, on the other hand, 
a hydraulic gradient of 0.3 is assumed it is possible to calculate a bulk seepage velocity 
using both Darcy's Law and Forchheimer*s equation. From Figure 4-4 it can be inferred 
that under laminar conditions a Kj of 0.024ni/s can be expected, which would result in a 
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bulk seepage velocity of 0.007m/s according to Darcy's Law. Using Forchheimer's 
equation this hydraulic gradient would result in a bulk seepage velocity of 0.020m/s. 
Although this velocity is almost three times the velocity predicted using purely laminar 
conditions, it is still small compared to the fluid velocities incurred in the swash (see 
Figure 4-23). Figure D-1 shows the potential loss of water volume of the swash lens using 
bulk seepage velocities using Forchheimer's equation (see Figure 4-24, which was 
produced using seepage velocities obtained fi-om Darcy's Law, as a comparison ). 
Potential volume loss as a function of hydraulic gradient (I); 
using Forchheimer's equation 
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Figure D-1 Estimation of the relative importance of the potential swash volume loss 
due to infiltration. 
Although there is more water being lost due to infiltration according to Forchheimer's 
equation than using Darcy's Law, the quantities £ire still negligible for most of the time 
compared to the total volume under the swash lens. 
As yet, there are no firm guidelines, which would justify using Forchheimer's equation in 
preference to Darcy's Law for use in the present swash model. The use of Forchheimer's 
equation would only be justified if the aj and b/ coefficients can be expected to give 
accurate results. To date it would seem that this is not the case since there are no values for 
shingle. In any case, the porosity of coarse grained beach material is extremely difficult to 
determine accurately. It would therefore seem acceptable to use Darcy's Law in a first 
approximation to estimate the expected bulk seepage velocity in the swash. 
-D-2 
Appendices Particle Size Distribution 
E. Particle size distribution information 
The shingle beach at Shoreham-By-Sea consists predominately of medium size shingle 
with a median grain size diameter of approximately 20mm. The particle distribution on a 
shingle beach is, however, prone to a considerable amount of variability making the 
determination of a representative grain size diameter with any degree of certainty extremely 
difficult. This variability in grain size distribution is illustrated by the distribution curves 
displayed in Figure E-1, from samples taken 24 hours apart. 
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Figure E-1 Particle size distribution curves obtained from samples 
taken during the Shoreham 1996 field experiments. 
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Figure E-1 shows sediment size distribution curves obtained from sediment samples taken 
at the cross-shore injection sites (i.e. upper, middle and lower beach) of the electronic 
tracers. There is not only a sizeable difference in D50 according to the cross-shore position 
where each of the three samples was taken, but also in the grading o f each sample. This 
variability is exacerbated by the fact that over a period of approximately 24 hours both the 
Dso and the grading show changes which can be considered significant from a sediment 
transport point a view, yet are difficult to account for. The sediment composition was 
similarly variable at the Lancing field site, as shown in Figure E-2. 
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Figure E-2 Particle size distribution cur\'es obtained from samples 
taken during the Lancing 1997 field experiments. 
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